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ABSTRACT 


This  report,  which  is  divided  into  five  volumes,  documents  the  evaluation 
of  advanced  electric  and  hybrid  vehicles  for  potential  development  by  the 
early  1990s.  The  primary  objective  of  the  assessment  is  to  recommend 
subsystem  research  priorities  based  on  a comparison  of  alternatives  as  part  of 
complete  vehicle  systems  with  equivalent  performance.  The  assessment  includes 
evaluations  of  candidate  technologies  as  well  as  technical  and  economic 
comparisons  of  vehicle  systems  for  specified  missions.  The  availability  of 
nonpetroleum  fuel  is  also  addressed,  and  preference  analyses  are  used  to 
assist  in  the  evaluation  of  the  relative  merits  of  competing  systems. 

Volume  V,  the  Appendices,  includes  reports  on  battery  design,  battery 
cost,  aluminum  vehicle  construction,  IBM  PC  computer  programs,  and  battery 
discharge  models.  Other  volumes  are  Volume  I,  Executive  Summary,  Voluuie  II, 
Subsystems  Assessment,  Volume  III,  Systems  Assessment,  and  Volume  IV, 
Preference  and  Aftermarket  Analyses. 
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GUIDELINE  FOR  CONTRACTOR  RESPONSE 


This  version  of  the  guideline  addresses  the  concerns  expressed  by  the 
review  board  and  battery  developers  at  the  Electric  Hybrid  Vehicle  (EHV) 
Systems  Assessment  Seminar.  Battery  sizes  are  expressed  explicitly,  and  the 
questions  are  geared  toward  complete  battery  systems  rather  than  specific 
energy  or  power. 

Table  A-l  illustrates  the  differences  in  power  and  energy  requirements 
determined  for  vehicles  simulated  to  date,  depending  on  the  application  (using 
the  current  models).  Several  examples  of  electric  vehicles  and  perhaps  the 
most  extreme  hybrid  vehicle  (full-power  capability  in  electric  mode)  are 
shown,  which  bound  the  extremes  of  power -to -energy  ratio  (P/E).  The  P/E  ratio 
defines  the  ratio  of  the  power  available  for  acceleration  and  the  energy 
required  to  meet  the  range  requirement  s*'  that  the  vehicle  would  "run  out"  of 
power  and  energy  at  the  same  time,  and  therefore  would  not  be  overdesigned 
with  respect  to  either  characteristic.  The  variation  in  the  specification  is 
the  result  of  the  differences  in  specific  energy  and  specific  power  between 
the  batteries,  which  resulted  in  variations  in  vehicle  weight. 

Table  A-l.  Differences  in  Power  and  Energy  Requirements 


Battery  Requirements8 


Vehicle  Type 

Power, 

kW 

Vehicle  Specific 
Power, 

W/kgVTWb 

Energy, 

kWh 

Vehicle  Specific 
Energy, 

WH/kgVTW 

4-Pass  80-km  HV 
(P/E  - 3. 3-3. 8) 

36-41 

30 

9-11 

8-9 

5-Pass  80-km  HV 
(P/E  - 3. 3-3. 8) 

44-50 

30 

13-15 

8-9 

3/4  Ton  96-km  Van 
(P/E  - 2. 3-2. 6) 

46-57 

23 

20-23 

9-10 

aBattery  energy  requirements  are  on  the  Federal  Urban  Driving  Schedule  and 
do  not  include  self-discharge,  thermal  losses,  etc.  Power  requirements  are 
for  30  seconds  at  low  state  of  charge  (i.e.,  typically  10  to  15%). 

^Vehicle  Test  Weight. 
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Table  A-l.  Differences  in  Power  end  Energy  Requirements  (Continued) 


Battery  Requirements* 


Vehicle  Type 

Power, 

kW 

Vehicle  Specific 
Power, 

W/kgvTWb 

Energy, 

kWh 

Vehicle  Specific 
Energy, 

WH/kgvTW 

2-Pass 
(P/E  « 

128-km  EV 
2. 1-2. 3) 

20-26 

25 

9-12 

11-12 

5-Pass 
(P/E  - 

160-ka  EV 
2. 1-2. 3) 

37-58 

30 

18-26 

13-14 

5-Pass 
(P/E  - 

240-km  EV 
1.5-1. 6) 

44-58 

30 

27-36 

19-20 

4-Pass 
(P/E  » 

400-km  EV 
0. 9-1.0) 

32-43 

30 

46-36 

30-32 

5-Pass 
(P/E  - 

400-km  EV 
0. 9-1.0) 

40-53 

30 

53-56 

30-32 

*Battery  energy  requirements  are  on  the  Federal  Urban  Driving  Schedule  and 
do  not  include  self-discharge , thermal  losses,  etc.  Power  requirements  are 
for  30  seconds  at  low  state  of  charge  (i.e.,  typically  10  to  13%). 

^Vehicle  Test  Weight. 


Interpretation  of  the  information  in  Table  A-l  would  lead  to  the 
following  estimates  of  delivered  energy  and  power  requirements  for  batteries 
in  advanced  vehicles,  although  detailed  analysis  is  ultimately  required  for 
each  case  (due  to  self -discharge,  etc.): 

(1)  Commuter  vehicle  battery  - 12  kWh,  25  kW. 

(2)  Hybrid  vehicle  battery  - 15  kWh,  50  kW. 

(3)  General-purpose  Electric  Vehicle  (EV)  or  commercial  van  battery  ** 
25  kWh,  60  kW. 

(4)  Full-performance  EV  battery  - 50  kWh,  50  kW. 

These  specifications  are  distinct,  and  the  following  questions  are 
designed  to  determine  the  specific  performance,  cost,  and  volume  of  these 
batteries.  The  guideline  has  been  organized  into  seven  basic  categories: 
performance  modeling,  cost  projections,  technical  support  for  projections, 
energy  balance,  life  considerations,  other  operational  characteristics,  and 


packaging  flexibility.  You  should  sake  every  efforc  to  respond  to  all  the 
categories  and  supply  any  appropriate  data  or  designate  where  there  is 
insufficient  data  to  support  a projection. 

Several  ground  rules  oust  be  established  in  an  effort  to  standardise  the 
projections  as  much  at  possible.  Battery  projections  should  be  made  for  a 
one-year-old  battery  operating  in  70°  F ambient  air.  The  technology 
projections  should  be  limited  to  batteries  that  could  be  demonstrated  in 
prototype  form  in  the  early  1990s  (i.e. , 1990  to  1992)  and  the  range  of 
applicability  should  be  stated  (i.e.,  10  to  50  kWh?). 


1.  PERFORMANCE  MODELING 

(a)  Battery  discharge  characteristics  for  the  present  battery  and 
projections  for  batteries  with  the  previous  specifications.  If 
unable  to  meet  the  extremes,  specify  the  limiting  cases.  Please 
respond  in  tabular  form  below  with  the  specific  energy  yielded  as 
a function  of  the  constant  discharge  rate  specified.  Identify 
range  of  applicability  and  any  scaling  concerns. 

Specific  Energy  (Wb/kg)  Versus  Discharge  Rate 

Battery  Design  20  W/kg  60  W/kg  80  W/kg  100  W/kg  200  W/kft 

1 - Present 

2 - Commuter 

3 - Hybrid 

4 - EV  or  Van 

5 - Full-Perf. 

(b)  30-second  peak  specific  power  capability  versus  state  of  charge 
(as  defined  for  the  standard  C/3  or  C/4  rates). 

30-second  power  capability  (W/kg) 

Battery  Design  801  SOC  50X  SOC  301  SOC  10Z  SCC 

1 - Present 

2 - Commuter 

3 - Hybrid 

4 - EV  or  Van 

5 - Fbll-Perf. 


2.  COST  PROJECTIONS 

Production  price  to  the  Original  Equipment  Manufacturers  (OEMs)  in 
quantities  of  100.000  units  per  year.  The  estimates  should  be  per  A.  D. 
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Little  guidelines  end  your  opinion  of  the  assumed  values  in  the  guidelines 
should  be  specified  where  they  differ  from  your  own.  Estimates  should  include 
all  thermal  management  or  servicing  systems  (i.e.,  watering)* 

Battery  Design  I/battery 

1 - Present 

2 - Commuter 

3 - Hybrid 

4 - EV  or  Van 

5 - Full-Perf. 


3.  TECHNICAL  SUPPORT  FOR  PROJECTIONS 

List  how  the  performance  improvements  would  be  obtained  ^ver  the  present 
battery  capabilities  in  the  following  format.  Try  to  be  as  specific  as 
possible  to  allow  the  review  board  to  adequately  assess  the  credibility  of  the 
projections  (i.e.,  current  collectors,  active  material,  separators,  case, 
auxiliaries,  9tc.).  Specify  trends  if  nothing  else,  and  supplement  the  table 
with  explanation,  if  necessary. 

Present  Design  Performance  Cost 

Component  Status  Change  Change  Change  Comments 


4.  ENERGY  BALANCE 

It  is  necessary  to  quantify  sources  of  energy  use  other  than  that 
reflected  in  the  performance  modeling.  This  includes  any  notable  start-up  or 
shut-down  energy,  self-discharge  and  shunt  currents,  parasitics,  thermal 
effects  (i.e.,  heat  transfer  that  must  be  replaced  by  electricity),  charge 
efficiency,  etc.  This  is  necessary  to  reflect  in-use  efficiency  over  24-hour 
driving  schedules  as  simulated  in  the  AV  Assessment.  A simplified  24-hour 
driving  pattern  is  used  here  to  allow  your  estimation  of  energy  use  (see 
Table  A-l).  The  driving  portion  (designated  driving  cycle  3)  was  proposed  by 
JPL  to  the  EHV  Battery  Task  Force  as  a greatly  simplified  version  of  the 
Federal  Urban  Driving  Schedule  to  be  used  for  life^cycle  testing.  This  cycle 
retains  the  peak  power  as  well  as  other  critical  parameters  of  the  original 
cycle.  The  distance  of  46  km  (29  mi)  is  approximately  the  average  daily  trip 
length  of  a 16,000  km/yr  (10,000  mi/yr)  vehicle.  You  are  asked  to  estimate 
the  energy  use  by  segment  of  the  cycle  in  the  table  supplied  on  the  following 
page.  The  details  of  the  cycle  are  included  at  the  end  of  the  guideline  to 
support  detailed  analyses,  if  necessary.  The  values  in  the  table  should  be 
specified  as  power  (Watts)  assumed  continuous  over  the  segment  or  total  energy 
(Watt-hours)  for  the  segment.  Please  comment  if  there  are  special 
circumstances  to  consider  or  any  other  concern  for  the  way  the  estimates  are 
to  be  used. 


Repeat  Repeat 


Figure  A-i.  Simplified  24 -h  Driving  Pattern 

ESTIMATES  OF  IN-USE  ENERGY  CONSUMPTION 

Segments 

Parameters  1 2 3 4 5 


Start-up  and 
shut-down 

Self-discharge 

Shunt  current 

Paraeitics 

Thermal  loss® 

Charge  Eff.b 


®Only  that  which  requires  replacestent  by  electricity  (specify 
electrical-to-  thermal  efficiency). 

^Specify  charger  efficiency  as  well  if  unique  to  battery. 
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LIFE  CONSIDERATIONS 


(a)  Present  status  of  cycle  life,  including  statistical  background  and 
life-limiting  mechanisms. 

Cycle  Depth-of-  Life-limiting  Statistical 
Life  Discharge  Mechanisms  Background 

Cells 


Batteries 

(b)  Projected  cycle  life,  including  approach  to  solving  failure  modes 
and  effects  on  cost.  Specify  any  differences  between  high-power 
and  high-energy  designs. 

(c)  Life  effects  on  specific  power  and  energy,  efficiency,  thermal 
characteristics  (i.e.,  linear  degradation  with  cycle  life?) 

(d)  Estimate  of  reliability  of  smallest  replaceable  block  of  cells  in 
a battery,  failure  modes,  mean-time-to-failure,  etc. 


6.  OTHER  OPERATIONAL  CHARACTERISTICS 
(a)  Special  Charge  Requirements 

What  happens  if  the  cells  are  over-charged  or  over-discharged? 


Is  individual  cell  balancing  required?  If  so,  how  often? 


Is  periodic  complete  discharge  required?  It  so,  how  often? 


Is  equalizing  necessary?  If  so,  how  often? 
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(b)  Maintenance  Requirements 

What  regular  maintenance  is  required?  How  often? 


What  potential  exists  for  battery  refurbishment  rather  than 
replacement?  How  does  this  compare  in  cost  with  replacement? 


7.  PACKAGING  FLEXIBILITY 

(a)  Volumetric  considerations  for  various  designs 

liters 


1 - Present 

2 - Commuter 

3 - Hybrid 

4 - EV  or  Van 

5 - Full-Perf. 

(b)  Size  limitations 

What  are  the  minimum  possible  measurements  of  the  battery  cells  or 
modules  (i.e.,  height,  width,  length),  and  what  are  the  primary 
considerations  in  changing  from  the  present  configuration? 


(c)  Any  special  consideration  for  relative  placement  of  subsystems  in 
a vehicle  (i.e.,  necessity  to  place  fluid  reservoir  near  cell 
stack)? 

(d)  Scale  effects  in  the  10-  to  50-kWh  range,  if  applicable. 
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CYCLE  3 


No. 

Cycle  Segment 

Time,  s 

Type® 

Energy  consumed, 
W-s/kg 

Average  Power, 
W/kg 

1 

0 

- 26 

A 

298 

12 

26 

- 30 

A 

358 

89 

30 

- 74 

A 

1428 

33 

74 

- 76 

A 

94 

47 

76 

- 171 

D 

-265 

-3 

2 

171 

- 196 

S 

0 

0 

196 

- 211 

A 

497 

33 

211 

- 236 

C 

175 

7 

236 

- 251 

D 

-155 

-10 

3 

251 

- 276 

S 

0 

0 

276 

- 291 

A 

497 

33 

29i 

- 316 

C 

175 

7 

316 

- 331 

D 

-155 

-10 

4 

331 

- 356 

S 

0 

0 

356 

- 371 

A 

497 

33 

371 

- 396 

C 

175 

7 

396 

- 411 

D 

-155 

-10 

411 

- 436 

S 

0 

0 

aA 

D 

S 

C 

* acceleration. 

- deceleration. 

- atand. 

- cruise. 
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1.0  SUMMARY 


The  estimates  presented  in  this  report  are  based  on  the  established 
performance  of  the  nickel -iron  battery  from  1980  through  1983.  The  projec- 
tions for  the  advanced  batteries,  1986,  are  based  on  the  extrapolation  of 
existing  data  as  designs  are  modified  to  favor  specific  energy  or  power. 

The  narrow  difference  between  the  present  and  the  "advanced"  battery  indi- 
cates the  maturity  of  this  technology  compared  to  what  is  ultimately 
possible  in  the  nickel-iron  system,  additionally  the  relatively  modest  dif- 
fernces  between  "power"  and  "energy"  designs  indicates  that  standardization 
to  eliminate  manufacturing  differences  and  reduce  costs  slightly  would  be 
advantageous  for  this  near  term  battery.  The  cost  estimate  for  the  battery 
is  based  on  the  analysis  completed  for  AN  l in  May  1983.  Because  the  main 
cost  driver  in  this  system  Is  the  nickel  metal,  the  advanced  batteries  have 
less  metallic  nickel  in  tne  positive  electrodes.  The  estimate  is  based  on 
85%  porous  plaque.  The  higher  cost  reflected  in  the  EHV  batteries  compen- 
sates for  the  extra  nickel  to  improve  the  power  capability  of  the  battery. 

This  analysis  indicates  that  the  nickel-iron  battery  will  yield  ade- 
quate performance  for  the  Commuter,  Hybrid  and  EV-Van  type  vehicles.  In 
the  full  performance  5 passenger  400  KM  EV  the  present  battery  would 
approach  50%  mass  fraction  of  the  vehicle.  The  advanced  battery  would 
still  be  45%  of  the  total  weight.  The  nickel-iron  unit  seems  appropriate 
for  the  near  term  in  all  but  the  full  performance  applications. 


PRECEDING  PAGE  BLANK  NOT  FILMED 


B-9 


».w  tv  y inTEictioim.it  «tm 


TABLE  1-1 


SUMMARY  OF  PRESENT  BATTERY  CHARACTERISTICS 


MISSION 

ENERGY 

POWER 

SP.  ENER. 

SP.  PK.  PWR.X 

C0$Txx 

VOLUME 

WT 

KWH 

KM 

WH/KG 

W/Kg 

SBatt. 

(L) 

KG 

Commuter 

12 

25 

48 

> 80 

2100 

130 

250 

Hybrid 

15 

50 

45 

>120 

2760 

175 

333 

EV  or  Van 

25 

60 

43 

> 80 

4370 

260 

520 

Full  Perf. 

50 

50 

4B 

> 80 

8740 

520 

1042 

X 20%  SOC 

xx  For  Production  Quan  10,000  batt/yr. 
MFG  - Costs 


TABLE  1-2 

SUMMARY  OF  ADVANCED  BATTERY  CHARACTERISTICS 


MISSION 

ENERGY 

POWER 

SP,  ENR. 

SP.PK  PWR  x 

COSTxx 

VOLUME 

WT. 

KWH 

KW 

WH/KG 

W/KG 

SBATT 

(L) 

KG 

Commuter 

12 

25 

56  . 

> 100 

1400 

110 

214 

Hybrid 

15 

50 

50 

>140 

1830 

155 

300 

EV  or  Van 

25 

60 

56 

>100 

2900 

223 

446 

Full  Perf. 

50 

50 

56 

>100 

5800 

446 

893 

x 8 20%  SOC 

xx  For  Production  Quan  10000  Bat/yr. 

Including  15%  factor  to  approximate  OEM  price. 
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2.0  INTRODUCTION 


The  Eagle-PIcher  Nickel-Iron  Battery  Is  being  developed  under  DOE 
sponsorship  esDecially  for  electric  and  electric  hybrid  vehicles.  The 
approach  has  been  to  strive  for  the  ultimate  performance  from  the  battery 
while  eliminating  all  superfluous  weight.  The  result  is  a battery  con- 
sisting of  sintered  electrodes  which  are  light  weight  and  of  low  resistance 
while  retaining  the  structural  Integrity  to  survive  100%  DOD  cycling  for 
over  1000  cycles.  The  program  has  progressed  to  the  point  where  the 
achievement  of  Its  goals  is  Imminent. 

The  suggested  cell  discharge  reactions  for  this  battery  are: 

Fe  + 20H  — * Fe  (OH) 2 + 2e  (anode) 

2 N1  00H  + 2 H20  + 2e  -**2  Ni  (0H)2  + 2 OH~  (cathode) 

2 Ni  OOH  + Fe  ♦ 2 H20-i=i2  Ni  (Ori)2  + Fe  (0H)2  (combined) 

This  battery  system  has  many  advantages  when  compared  to  other  units. 
The  battery  has  demonstrated: 

A doubling  of  vehicle  range  with  the  attending  Improved  utility 
and  decreased  maintenance. 

It  requires  no  unique  auxiliary  equipment  or  periodic  equalization. 
It  has  excellent  life  expectancy  which  yields  Increased  vehicle 
reliability  and  lowers  life  cycle  cost. 

The  nickel  in  the  battery  Is  not  consumed  and  is  fully  recoverable 
from  expended  batteries. 

The  present  status  of  the  Nickel-Iron  Battery  Development  program 
Indicates  that  the  traditional  long  life  expectancy  of  the  system  has  not 
been  compromised.  Cells  have  demonstrated  life  cycle  capability 
in  excess  of  2000,  100%  000  cycles.  Modules  and  full  size  batteries  have 
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been  tested  to  In  excess  of  1000  cycles  with  tests  continuing.  One  battery 
has  been  In  practical  service  for  four  (4)  years  without  degradation  of 
performance. 

3.0  BATTERY  DATA 

The  objective  of  this  report  Is  to  help  estimate  nickel-iron  batteries 
for  electric  vehicles.  This  section  presents  the  data  upon  which  all  the 
performance,  size,  weight  and  cost  estimates  are  based.  Included  with  the 
data  generated  by  EPI  Is  published  data  from  JPl  publication  82-91  and  NSTL 
reports . 

3.1  Specific  Energy 

The  projected  specific  energy  of  the  nickel-iron  battery  Is  56  WH/ 
Kg.  This  Is  the  goal  of  the  development  program  sponsored  by  DOE.  Table 
3-1  shows  the  design  highlights  of  the  present  battery  with  alternate  pro- 
posed designs  to  achieve  the  specific  energy  goals.  A detailed  comparison 
of  the  weight  distribution  In  these  designs  follows  In  Figure  3-1,  a scale 
weight  representation  of  each  component.  The  advanced  battery  designs  save 
weight  by  reducing  the  electrolyte  and  the  Iron  content  of  the  cells  with 
minor  reductions  in  nickel  grid,  case  material  and  separator  weight.  The 
accomplishment  of  either  design,  "A"  or  "8“,  requires  only  that  the  posi- 
tive electrode  achieve  Its  desired  performance.  The  status  Is  that 
electrodes  up  to  4.0  mm  In  thickness  have  beer,  developed.  The  one 
remaining  problem  is  to  Improve  their  strength  to  be  comparable  with  the 

2.0  mm  electrodes  which  have  demonstrated  excellent  life  characteristics. 

3.2  Performance 

The  self  explanatory  data  of  Figures  3-2  through  3-8  outlines  the 
general  characteristics  of  the  nickel-iron  battery  from  constant  current 
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51.8  WH/KG  64.9  WH/KG  .63.7  WH/KG 


PRESENT 

STATUS  MORE  HIGHLY  WORKED  IRON  PI.ATES 

WITH  COINING  AND  SULFIDE  ADDED 


12  POS.  20  mm 
IS  NEG.  1.2mm 


8 POS.  3.0mm 
7 NEG.  1.5  mm 
2 ICG.  0.8  mm 
16  SEP  0.7  mm 


6 POS.  40  mm 
5 NEG.  20  mm 
2 NEG  10  mm 
12  SEE  0.7  mm 


FIGURE  3-1 


FIGURE  3,-4 

NJCKEL-iRON  VNF-270  CELL 
CAPACITY  VS  AMBIENT  TEMP 


ORIGINAL  PAGE  IS 
OF  POOR  QUALITY 
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CYCLES 


Discharge 


FIGURE  3-5 


NICKEL  IRON  CELL  VNF-270 
CHARGE  ACCEPTANCE 


IMPUT  AND  RATE 
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FIGURE  3^7 

RECHARGE  CHAR.  VNF-270 
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CHARGE,  % OF  THEORETICAL  CAPACITY 


RECHARGE  CHAR.  VNF-270 


CHARGE,  % OF  THEORETICAL  CAPACITY 


discharge  to  charge  efficiency. 

3.2.1  Specific  Ererqy  vs  Rate,  KWH  vs  KW 

This  type  presentation  of  the  data  on  the  VNF-270  can  be 
derived  from  Figure  3-2  using  the  140  AH  voltage  as  average  for  the 
discharge,  and  7.0  Kg  for  the  weight  of  the  cell.  Each  curve  represents  a 
nearly  constant  wattage  discharge.  The  decrease  in  energy  density  is  in 
proportion  to  the  voltage  decrease. 

The  graph  of  Figure  3-9  from  JPl  publication  82-91 
shows  the  EPI  battery  energy  density  near  40  WH/Kg  from  10  to  20  watts/Kg 
discharge.  With  an  electrolyte  change  that  battery  is  now  operating  In  the 
region  indicated  near  50  WH/Kg. 

The  graph  of  Figure  3-10  shows  the  Ragone  plot  derived  by 
the  N8TL  at  ANL.  The  similarity  of  these  curves  confirms  the  relatively 
flat  output  vs  rate  characteristic  of  the  nickel-iron  battery. 

3.2.2  Peak  Specific  Power  W/Kg 

The  original  data  for  this  characteristic  was  published  by 
NBTl  In  the  DOE  Electric  and  Hybrid  Vehicle  Program  Quarterly  Report  No. 

11.  That  data  is  reproduced  here  as  Figure  3-11.  Figures  3-12  and  3-13  are 
provided  to  support  the  projections  for  the  advanced  designs.  Figure  3-12 
shows  the  immediate  improvement  in  power  available  from  reduced  height 
electrodes.  All  the  advanced  batteries  are  based  on  electrodes  about  130 
mm  high.  Figure  3-13  shows  that  additional  gains  may  be  realized  by 
improving  the  conductivity  of  the  electrodes.  Investigations  to  determine 
the  optimum  design  continue. 

3.3  Cost  Projections 

This  Information  regarding  the  cost  projection  for  nickel-iron 
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AVERAGE  POWER,  kW 

Capacity  of  the  EPI, Globe,  and  Westinghouse  Batteries 
Immediately  After  Charge  Termination 


SPECIFIC  ENERGY,  Wh/kg 


FIGURE  3-10 
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SPECIFIC  POWER,  U/kg 


An  NBTL  Derived  Ragone  Plot  Showing  Specific 
Energy  as  a Function  of  Specific  Power  for 
Several  Types  of  Aqueous  Mobile  Batcerles. 
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ANL  PEAK  POWER  DATA 


FIGURE  3-11 


DEPTH  Of  DISCHARGE,  % 


Six  sustained  peak  power  versus  time  plots  for 
each  of  six  depths  of  discharge  of  an  Cagle  Richer 
5-ceH,  280  Ah,  nickel /iron  battery. 

DOD  V) 

• * 0 *0  00 

0006ZN07 
GOULD  NiZn#7 
225  Ah 


GD04ZN06 
GOULD  NZn#C 
400 


ESOOGL0) 
EV-130#3 
157  Ah 


EPOSfNOI 
CPS<N#1 
300  Ah 


WHOOfNOI 
WHNiNffl 
220  Ah 


ES03SL03 
EV-106 
150  Ah 


Specific  peak  power  sustained  for  i V second  duration  corresponding  to  three  depths  of 
discharge  ( DOD I for  six  batteries  tested  at  the  NBTL 
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POSITIVE  PLATE  SHAPE 
INFLUENCE  ON  POWER  CAPABILITY 
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FIGURE  3-13 


batteries  has  been  abstracted  from  an  analysis  performed  for  ANL.  This 
Information  has  been  supplied  In  detailed  reports  to  both  ANL  and  JPl  sup- 
porting the  contention  that  battery  manufacturing  costs  In  the  region  of 
$100/KWH  are  reasonable. 

Assumptions 

1.  The  high  energy  design  (using  85X  porosity  nickel  plaque)  Is 
successful. 

2.  Impregnation  and  other  plate  processes  under  development 
would  be  utilized. 

3.  Battery  production  level  at  10,000  units,  25  KWH  each,  per 
year. 

4.  Quotations  were  received  late  1982  and  not  upgraded  by  cost 
Indexing. 

5.  Iron  electrodes  would  be  manufactured  In  U.S.A. 

Table  3-2  cost  analysis  results  In  1982  dollars  follows: 

4.0  RESULTS  AND  DISCUSSION 
4.1  Performance  Modeling 

The  nickel-iron  battery  has  not  been  designed  for  continuous 
discharge  rates  higher  than  60  W/Kg.  However,  since  It  Is  a moderately  low 
specific  energy  battery  It  does  deliver  sufficient  wattage  for  all  the 
vehicles.  Only  the  watts  per  kilogram  appear  low  because  of  the  batteries 
weight.  Table  4-1  gives  the  results  of  the  calculations  on  the  present 
battery  1980-1983.  Table  4-2  shows  the  estimates  for  the  advanced  battery, 
1986. 


TABLE  3-2 


COST  ANALYSIS  RESULTS 

HAEMAL 

CELL 

MODULE/BATTERY 
PROCESS 


LAM 


ELECTRODE  PROCESSING 

12.00 

312.00 

POSITIVE  (8.26) 

NEGATIVE  (3 .74) 

MODULE/BATTERY  ASSEMBLY 

3.74 

97.20 

MATERIAL  HANDLING 

2.67 

69.60 

TOTAL  $101.34  $2634.75 


IZiffld  TOTAL  DOLLARS 
67.02  1742.30 

8.76  227.68 

7.15  185.97 
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TABLE  4-1 


PRESENT  BATTERY  PERFORMANCE 
SPECIFIC  ENERGY,  WM/KG,  VS.  DISCHARGE  RATE 


BATTERY  DESIGN 

20  W/KG 

60  W/KG 

80  W/KG 

100  W/KG 

Commuter 

48 

36 

30 

24 

Hybrid 

45 

39 

36 

33 

EV  or  Van 

48 

36 

30 

24 

Full  Performance 

48 

36 

30 

24 

Note  that  100  W/Kg,is  close  to  the  peak  specific  power  exhibited  by  this 
battery.  The  hybrid  battery  was  designed  as  the  VNF  80x9  battery  to  favor 
power  discharge.  It  can  sustain  higher  discharge  rates.  However,  the 
small  differences  in  energy  density  to  60  W/KG  discharge  show  that  indivi- 
dual designs  for  each  of  the  vehicle  types  are  unnecessary. 
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TABLE  4-2 


ADVANCED  BATTERY  PERFORMANCE,  1986 
SPECIFIC  ENERGY,  WH/KG  VS.  DISCHARGE  RATE 

100  W/KG 

BATTERY  DESIGN 

20  W/KG 

60  W/KG 

80  W/KG 

Commuter 

56 

46 

39 

31 

Hybrid 

50 

44 

41 

37 

EV  or  Van 

56 

46 

39 

31 

Full  Performance 

56 

46 

39 

31 

Again  100  Watts/Kg  is  close  to  the  peak  specific  power  for  these  batteries. 

The  30  second  peak  specific  power  capability  of  the  present  bat- 
tery has  been  measured  and  the  data  published  by  the  NBTL.  In  Table  4-3 
the  Hybrid  battery  is  based  on  the  VNF  80  x 9 design  which  yields  signifi- 
cantly higher  peak  power. 

TABLE  4-3 

PRESENT  BATTERY  PERFORMANCE  1980-1983 
30  SECOND  POWER  CAPABILITY  (W/KG) 


BATTERY  DESIGN 80%  SOC  50%  SOC  30%  SOC  15%  SOC 


Commuter 

no 

100 

85 

70 

Hybrid 

170 

155 

135 

115 

EV  or  Van 

110 

100 

85 

70 

Full  Perf. 

no 

100 

85 

70 

Note  that  the  batteries,  of  the  EV  or  Commuter  type  have  demonstrated  suf 
ficient  power  and  energy  to  operate  the  SCT  and  the  ETV-1  and  -2  ehicles 
for  over  70  miles  of  the  J227  "C"  cycles  or  55  mph  driving  for  100  miles. 


B-31 


imiAf* 


TABLE  4-4 

ADVANCED  BATTERY  PERFORMANCE,  1986 
30  SECOND  POWER  CAPABILITY  W/KG 


BATTERY  DESIGN 

80%  50C 

50%  S0C 

30%  S0C 

15%  S0C 

Commuter 

160 

140 

120 

100 

Hybrid 

190 

170 

150 

130 

Ev  or  Van 

160 

140 

120 

100 

Full  Perf. 

160 

140 

o 

CM 

>•  •* 

100 

4.2  Cost  Projections 

These  cost  projections  are  based  on  the  data  provided  in  section 

A factor  of  15%  was  added 

to  the  manufacturing  cost  data  to  approximate  on  i 

price  for  the  batteries. 

The  battery  size  in  KWH  delivered  for  100%  D0D  is 

indicated  for  each  type. 

TABLE  4- 

± 

BATTERY  COST  PROJECTIONS 

BATTERY  DESIGNER 

SIZE 

KWH 

PRESENT 
•80- '83 

ADVANCED 

Commuter 

12 

$ 

2100 

$ 

1400 

Hybrid 

15 

2760 

1830 

Ev  or  Van 

25 

4370 

2900 

Full  Perf. 

50 

8740 

5800 

4.3  Technical  Support  for  Projections 

The  technical  support  for  the  projections  presented  in  this  report  are 
tabulated  in  Table  4-6.  The  statements  are  based  on  the  detailed  data  presented 
In  Section  3. 
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4.4  Energy  Balance 

The  nickel -Iron  battery  operates  at  normal  ambient  temperature 
and  pressure  conditions.  It  will  charge  and  discharge  efficiently  at  Ini- 
tial temperature  from  -20  to  +40°C.  The  battery  requires  no  auxiliary 
energy  expenditures  to  compensate  for: 

Start  up  or  shut  down  procedures. 

Shunt  currents,  parasitic  losses  or  thermal  effects. 

The  stand  losses  for  the  nickel-iron  battery  have  been  determined 
and  are  represented  by  the  graph  in  section  2,  Figure  3-3  of  this  report. 

Under  the  conditions  of  the  simplified  24  hour  driving  pattern  the  stand 
losses  can  be  applied  at  the  rate  represented  by  the  160  hour  section  of 
the  graph.  When  the  discharge  is  begun  immediately  after  the  completion  of 
a charge  cycle  the  rapid  loss  shown  from  zero  to  40  hours  does  not  occur. 

That  loss  is  due  to  rapid  oxygen  evolution  from  the  positive  electrode 
which  stops  when  the  discharge  is  begun.  The  stand  loss  for  this  nickel- 
iron  battery  would  be  only  .03%  per  hour  under  these  conditions.  The  loss 
in  watts  during  the  stand  periods  is  in  proportion  to  the  battery  capacity. 

The  data  in  Table  4-7  is  for  the  12  KWH  commuter  vehicle. 

The  total  energy  efficiency  of  the  nickel-iron  battery  is  taken 
as  the  product  of  voltage  efficiency  and  the  r.oulomblc  efficiency  of 
charging.  The  voltage  efficiency  Is  the  ratio  of  the  average  discharge 
voltage  at  th : three  hour  rate  to  the  average  voltage  for  an  eight  hour 
charge.  At  present  the  coulombic  efficiency  Is  set,  by  the  specified 
recharge  procedure,  to  yield  the  highest  output  from  the  battery.  We 
expect  that  the  advanced  batteries  could  be  operated  at  90%  coulombic  effi- 
ciency with  only  a small  reduction  In  output,  see  Flugre  3-8. 

The  data  which  is  applicable  to  the  battery  Is  tabulated  in  Table  4-7 
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TABLE  4-7 

ESTIMATED  IN  USE  ENERGY  CONSUMPTION 
SEGMENTS 

1 2 3 4 5 

PARAMETERS  t)RlVE  ST M)  DRIVE  STAND  RECHARGE 

Self  Discharge  4 Watts  4 Watts 

Energy  Eff.*  64%  (72%)  64%(72%)  64%  (72%) 

(56%) 

♦Voltage  efficiency  Is  80%  for  Nl-Fe  system. 

( ) advanced  battery,  only  If  considered  Important. 

(56%)  represents  periodic  equalization  recharge  to  recover  full  iron  capa- 
city. It  is  believed  that  110%  AH  return  would  not  fully  recharge  the  iron 
plate. 

4.5  life  Consideration 
4.5.1  Present  Status 

The  Eagle-PIcher  nickel-iron  battery  is  the  one  "Near  Term 
Battery"  of  the  DOE  program  to  exceed  its  life  goals.  Tests  at  the  NBTL, 
Eagle-PIcher  and  SU,  Sweden  are  summarized  In  Table  4-8  below: 

TABLE  4-8 

PRESENT  STATUS  OF  CYCLE  LIFE 

DEPTH  OF  LIFE  LIMIT  STATISTICAL 
CYCLE  LIFE*  DISCHARGE MECH  BACKGROUND 

CELLS  1500/1700  80  - 100%  xx  xxx 

MODULES  1200/1700  80-100% 

BATTERIES  1000/1500  80  - 100% 

♦ Cycle  life  shown  is  demonstrated/projected. 

xx  Life  limiting  mechanisms  and  their  correction  follows  In  the  discussion, 
xxx  A statistical  calculation  on  battery  reliability  has  not  been  performed. 
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For  the  purpose  of  this  report  we  have  confined  the  discussion  of 
life  limiting  mechanisms  to  those  which  have  been  observed  in  the  battery 
test  programs  at  NBTL,  EPI  and  S.U. 

Both  failure  mechanisms  were  manifested  In  the  first  cell 

failures  at  the  .NBTL  at  about  800  cycles  at  80X  DOD.  Post  test  analysis  on 

two  cells  from  different  modules  revealed  sludge  shorting  and  split 

separators.  The  sludge  shorts  were  alleviated  In  two  different  manners. 

In  one  case  the  sludge  space  was  more  than  doubled  In  height.  An  alternate 

solution  was  tc  lower  the  separator  to  contact  the  case  bottom.  This  con- 
* 

fined  the  sludge  to  the  region  of  the  negative  plate  which  generated  it. 

It  reduced  the  corner  and  edge  "build  up"  which  caused  the  problem.  The 
separator  had  split  at  the  fold  around  the  positive  electrode.  Positive 
electrode  growth  caused  the  split.  The  separator  had  already  been  rearranged 
to  fold  around  the  negative  electrode  which  does  not  expand  with  age.  No 
further  action  was  taken.  The  separator  has  since  been  changed  to  flat 
Individual  sheets  to  eliminate  the  fold. 

4.5.2  Projected  Cycle  Life 

The  projected  cycle  life  Is  based  on  the  separator  correc- 
tions already  Included  and  further  refinements  more  recently  Included  in 
the  designs.  The  rapidity  with  which  sludge  accumulates  has  been  more  than 
halved.  Edge  coining  of  the  Iron  electrode  eliminates  most  of  the  sludge. 
Newer  cell  designs  accomodate  the  positive  electrode  growth.  Elimination  of 
the  bottom  plate  support  will  relieve  the  terminal  seal  stress  as  the 
electrode  expands.  None  of  these  changes  has  an  Impact  on  cost.  The  edge 
coining  would  be  accomplished  in  the  same  operation  as  the  tab  area  Is 
coined  for  welding. 
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The  difference  between  energy  and  power  designs  Is  not 
sufficient  to  have  a significant  effect  on  battery  life.  However,  In 
theory  the  power  designs  should  exhibit  greater  endurance.  The  power 
oriented  batteries  will  have  lower  specific  energy  and  Internal  resistance. 

Both  tend  to  lower  the  maximum  temperatures  during  discharge.  The  cooler 
battery  will  exhibit  the  longer  life. 

4.5.3  Life  Effects  on  Battery  Operating  Characteristics 
Actual  measurements  of  battery  operating  characteristics 

during  life  cycle  testing  have  not  been  made.  However,  the  peak  specific  power, 
specific  energy,  efficiency,  and  thermal  losses  will  be  related  to  electrode 
aging.  The  nickel-iron  battery  exhibits  very  stable  output  during  its  use- 
ful life  Indicating  that  at  moderate  rates,  2 to  3 hours  discharge,  plate 
degradation  Is  not  significant.  Consequently  specific  energy,  efficiency, 
and  the  thermal  characteristics  of  the  battery  will  "emain  practically 
constant  for  the  life  of  the  battery.  When  peak  specific  power  Is  considered 
the  ultimate  capability  Is  being  measured.  This  characteristic  must  be 
Influenced  by  age  since  It  demands  that  the  total  plate  volume  be  effec- 
tive. The  Iron  electrode  Is  corroded  and  recharged  In  each  cycle.  The 
reaction  can  not  be  100%  reversible.  There  Is  a reduction  In  peak  specific 
power  vs.  cycle  life.  The  rate  at  which  It  occurs  has  not  been  measured. 

4.5.4  Reliability 

In  the  absence  of  a mathematical  reliability  estimate  for 
the  nickel-iron  battery.  It  Is  suggested  that  It  would  prove  to  be 
excellent.  The  battery  Is  conventional  In  design  and  construction.  It 
requires  no  auxiliaries  for  Its  operation.-  Each  battery  is  performance 
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tested  as  part  of  the  manufacturing  procedure.  The  cycle  to  cycle  reliabi- 
lity of  the  unit  Is  the  best  possible. 

At  present  the  smallest  replaceable  block  of  cells  In 
operating  batteries  Is  a five  cell  module.  The  modules  are  repairable  In 
that  plate  groups  In  Individual  cells  can  be  recased.  This  has  been  the 
only  repair  required.  New  batteries  will  Incorporate  polypropylene  heat 
sealed  cases.  This  will  correct  the  problems  caused  by  cemented  ABS 
plastic  cell  jars. 

4.6  Other  Operational  Characteristics 
4.6.1  Special  Charge  Requirements 

Overcharge  - The  Nl-Fe  battery  Is  unaffected  by 
overcharging  at  low  or  ordinary  currents.  Overcharging  Is  routine  In 
reestablishing  capacity  after  extended  periods  of  shelf  storage.  Cells  and 
modules  have  been  charged  at  the  10  hour  rate  until  they  were  completely 
dry  without  damage  or  reduction  In  subsequent  performance. 

Overdlscharge  - Forced  overdischarge,  as  a weak  cell  In  a 
battery  or  power  discharge  on  a module,  which  causes  oxygen  evolution  on 
the  Iron  electrode  will  damage  those  plates.  The  Nl-Fe  battery  does  have 
considerable  protection  against  this  situation  by  virtue  of  design  and  the 
chemistry  of  the  reaction*  First  the  cells  are  designed  so  that  a 20% 
overdlscharge  Is  required  to  exceed  the  first  plateau  capacity  of  the 
electrode.  The  second  plateau  discharge,  Fe+2  to  Fe+^  offers  In  theory 
another  50%  protection  before  oxygen  Is  evolved.  When  It  occurs  this  type 
failure  of  the  Iron  is  characterized  by  corrosion  detaching  the  active 
material  from  the  grid  and  plugging  the  fine  pores  In  the  double  porosity 
structure  of  the  plate.  Recovery  from  overdlscharge  Is  dependent  upon  Its 
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Cell  Balancing  - Not  required.  The  normal  amount  of  over- 
charge  In  each  cycle  1$  sufficient  to  cover  efficiency  differences. 

Periodic  Complete  Discharge  - Not  required.  The  test 
programs  have  not  Indicated  any  problem  with  repeated  partial  discharges  on 
this  battery. 

Equalization  - To  be  determined.  This  type  routine  might 
be  used  with  reduced  charging  return.  If  less  than  maximum  performance  Is 
satisfactory,  then  decreased  recharge  levels  would  reduce  watering  fre- 
quency and  Increase  charging  efficiency.  Under  this  type  service  some 
periodic  equallz'atlon  might  be  required  to  keep  the  Iron  electrode  fully 
charged. 

4.6.2  Maintenance 

Charging  - By  proper  and  timely  charging  the  user  can 
reduce  significantly  the  amlntenance  the  Nl-Fe  batteris  require. 

Recharging  dally  after  only  fractional  discharge  reduces  the  charge  effi- 
ciency and  Increases  the  water  usage. 

Watering  - Typical  designs  require  watering  after  five 
full  cycles  of  120-130%  AH  recharging.  Watering  frequency  has  been  about 
once  per  week.  Ultimately  the  watering  interval  might  be  one  month. 

Inspection  - Monthly,  to  observe  that  watering  caps  are  In 
place  and  not  causing  electrolyte  salt  bridges  between  terminals.  Clean  or 
rinse  if  required. 

Refurbishment  - Factory  refurbishment  of  batteris  Is 
possible  at  fractional  cost.  This  has  already  been  demonstrated  to  replace 
breeched  ABS  cell  jars.  Each  occasion  will  require  Individual 
consideration. 
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4.7  Packaging  Flexibility 
4.7.1  Volume 


The  volumetric  considerations  for  the  various  designs  are 
listed  In  Table  4-9.  The  volume  predicted  Is  for  battery  cells  only.  No 
module  trays  are  Included. 


TABLE  4-9 


NICKEL-IRON  BATTERY  YOLUME 

ADVANCED 

LITERS 

OESIGN 

ENERGY 

KWH 

STATE -OF-ART 
LITERS 

Commuter 

12 

130 

110 

Hybrid 

15 

175 

155 

EV  or  Van 

25 

250 

233 

Full  Perf. 

50 

520 

446 

4.7.2  Sl2e  Limitations 

The  conventional  design  of  the  nlckeKIron  battery  Imposes 
a limit  on  liie  height  of  a cell.  In  the  capacities  required  for  electric 
vehicles,  batteries  less  than  eight  Inches  high  would  have  poor  volumetric 
efficiency.  The  space  required  above  the  tops  of  the  plates  becomes 
proportional  ly  larger  as  the  cell  gets  shorter. 

The  advanced  designs  will  be  about  9 Inches  high,  because 
EV's  will  need  "short”  batteries  and  this  shape  Improves  the  power  capabi- 
lity per  unit  of  weight. 


4.7.3  Subsystems 


The  nickel-iron  battery  requires  small  1.0.  tubing  to  vent 
battery  gases  to  a safe  location  and  feed  make  up  water  to  the  Individual 
modules. 

4*7.4  Scale  Effects 

The  scale  effects  between  12  and  2$  KWH  batteries  would  be 
small.  Table  4-9  Indicates  that  up  to  4X  more  volume  Is  allowed  for  the 
smaller  batteries. 
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INTRODUCTION 


This  report  is  a brief  description  of  a series  of  design  analyses  performed  by 
the  author  as  part  of  a program  being  conducted  by  JPL  to  determine  the 
feasibility  of  using  varius  energy  storage  and  energy  conversion  technologies 
in  "Advanced  Vehicles"  for  use  on  US  roads  in  the  1990's.  Unlike  most  of  the 
battery  developments  being  considered  in  this  phase  of  the  JPL  study,  the 
zinc/bromine  battery  designs  and  the  analyses  thereon  reported  here  were  not 
the  result  of  work  done  by  the  developer  - the  Exxon  Research  & Engineering 
Company.  Although  this  unit  of  Exxon  is  a DOE  developer,  they  declined  to 
respond  to  an  offer  to  conduct  the  work  requested  by  JPL  under  contract  from 
the  latter.  The  personnel  at  Exxon  who  are  involved  in  zinc/bromine  battery 
development  did,  however,  agree  to  aid  the  author  in  developing  a response  to 
the  questions  being  posed  by  JPL  in  this  phase  of  the  JPL  analysis.  The 
questions  being  posed  by  JPL  referred  to  are  given  in  the  work  statements  of 
those  battery  develpers  who  did  agree  to  conduct  the  required  analyses  under 
contract,  and  are  further  delineated  in  the  "Guidelines"  sent  to  such 
contractors,  and  to  Exxon,  as  part  of  the  study.  The  questions  and  guidelines 
will  not  be  reviewed  further  here  and  are  incorporated  in  this  report  by 
reference.  We  must  recognize  that  this  report,  unlike  most  of  the  others  that 
will  be  reviewed  by  the  technical  panel  assembled  for  this  purpose  by  JPL  (the 
"Review  Board")  has  not  been  prepared  by  the  battery  developer  but  by  a memter 
of  the  Review  Board.  The  time  and  manpower  devoted  to  the  analysis  of  Exxon 
zinc/bromine  batteries  is  thus  a small  fraction  of  that  used  in  analysing 
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other  battery  systems,  and  that  the  responses  are  probably  more  conservative 
than  might  be  expected  from  developers  who  have  vested  interests. 

EXXON  has  been  in  the  process  of  developing  zinc/bromine  batteries  for  almost 
a decade,  although  their  experience  with  some  of  the  components  of  their 
system  extends  for  a substantially  longer  period  than  this.  This  development 
work  has  progressed  to  the  ooint  where  relatively  large  zinc/bromine  batteries 
have  been  assembled  and  tested  by  Exxon.  Thus,  both  lOkWh  and  20kWh 
zinc/bromine  batteries,  incorporating  somewhat  different  design  details,  have 
been  tested  more-or-less  successfully  during  the  past  two  years.  Exxon  is  in 
the  process  of  developing,  under  a program  funded  by  the  Department  of  Energy, 
an  electric  vehicle  battery  that  will  be  tested  in  an  EV  that  is  being 
developed  in  a parallel  DOE  program  by  Ford  Motor  Company.  This  experience 
with  relatively  large  devices  makes  the  job  of  projecting  the  performance  of 
zinc/bromine  batteries  somewhat  more  straightforward  than  it  might  otherwise 
be,  although  we  should  note  that  the  batteries  that  have  been  built  and  tested 
to  date  have  not  had  the  power  capabilities  that  are  believed  to  be  needed  for 
advanced  EVs. 

Exxon  have  been  developing  the  electrically-conducting  carbon/plastic 
composite  materials  for  possible  use  in  electrochemical  devices,  in 
collaboration  with  others,  since  the  late  1960s,  and  the  bromine  complexing 
agents  have  been  under  development  for  a considerable  period  of  time  also. 

The  initial  interest  in  zinc/bromine  batteries  at  the  Exxon  Research  & 
Engineering  Company,  the  unit  of  Exxon  at  which  the  work  under  discussion  has 


Work  on  the 


been  carried  out,  was  as  potential  electric  vehicle  candidates, 
system  was  funded  exclusively  by  the  parent  company  of  Exxon  R & E (through 
another  unit  - Exxon  Enterprises)  until  early  1980,  when  Phase  I of  a DOE 
program  was  initiated.  Since  that  time,  Exxon  has  cost-shared  the  DOE 
program,  and  the  work  has  been  directed,  until  recently  at  least,  to  the 
development  of  batteries  that  might  be  applicable  to  solar  photovoltaic  system 
energy  storage.  Exxon  maintained  it's  interest  in  the  EV  application  however, 
and  during  the  past  year  or  so,  a development  project  on  EV  batteries  has  been 
underway  in  addition  to  the  one  for  solar  PV  batteries.  Sandia  National 
Laboratories  has  had  responsibility  for  managing  and/or  monitoring  the  Exxon 
zinc/bromine  battery  programs  for  DOE. 


The  technology  on  which  the  Exxon  zinc/ bromine  battery  is  based  is  fully 
described  in  two  reports  on  their  DOE  program  published  by  SNLA  - "Development 
of  a Circulating  Zinc -Bromine  Battery",  Phase  I Final  Report,  SAND82-7022,  and 
Phase  II  Final  Report,  SAND83-7108.  In  essence,  the  Exxon  zinc/bromine 
battery  technology  has  the  following  features: 

* Circulating  electrolyte,  with  two  separated  flows  into  each  cell  and 
"flow-past"  the  zinc  and  bromine  electrodes.  Sculptured  microporous 
polyolefin,  "Daramic",  used  to  separate  and  space  zinc  and  bromine 
electrodes  and  to  form  compartments  of  each  cell. 

* Conductive  carbon/plastic  electrodes,  high  surface  area  carbon 
"attached"  to  the  faces  to  be  used  as  bromine  electrodes. 

Carbon/plastic  composites  and  insulating  (polyolefin)  edges  formed  by 
inexpensive  co-extrus  in  method. 

* Bipolar  cell-stack  utilizing  Exxon's  "shunt-current  protection"  to 
prevent  maldistribution  of  zinc  growth  on  cycling.  Flow  frames  (with 
channels  to  direct  flows  as  necessary)  made  by  injection  molding  with 
Daramic  separators  as  inserts  in  mold. 

* Bromine  complexing  agents  to  store  the  elemental  bromine  formed  during 
charge  as  a separate  phase  in  a special  compartment  of  the  battery. 
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Complexing  agents  dissolved  in  battery  electrolyte  before  charge; 
brominated  complex  "carburretted"  into  flowing  electrolyte  to  supply 
bromine  during  discharge. 

The  flow  arrangement  proposed  by  Exxon  for  their  zinc/bromine  batteries  is 
shown  in  Figure  1.  A photograph  of  the  components  that  are  used  to  make  cell- 
stacks  of  the  design  currently  favored  by  Exxon  are  shown  in  Figure  2.  Exxon 
believes  that  this  technology  will  give  zinc/bromine  batteries  that  will  be 
reasonably  high  in  performance  and  yet  will  be  inexpensive.  The  calendar  and 
cycle-life  of  Exxon  zinc/bromine  batteries  is  projected  by  them  to  be 
relatively  short,  however,  although  they  believe  that  the  low  cost  that  will 
be  attainable  will  counterbalance  this  short  lifetime  so  as  to  give  a low 
life-cycle-cost.  The  reader  is  referred  to  the  reports  cited  above  for 
further  details  of  the  Exxon  zinc/bromine  battery  technology. 

In  the  balance  of  this  report,  we  will  describe  and  discuss  the  answers  to  the 
questions  that  have  been  posed  of  various  battery  developers  by  JPL,  the 
latest  version  of  these  questions,  as  described  in  the  "Guidelines”  described 
above,  being  addressed.  In  the  next  section  - METHODOLOGY  OF  THE  STUDY  - we 
will  describe  the  methodology  used  in  making  the  quantitative  and  qualitative 
estimates  asked  for  by  JPL.  The  third  section  - STUDY  RESULTS  - will  give  the 
answers  to  the  questions  posed  by  JPL  in  the  last  version  of  the  guidelines. 
The  fourth  and  final  section  will  deal  with  the  VALIDITY  OF  THE  ESTIMATES  and 
in  it  we  will  discuss  the  answers  to  the  JPL  questions  that  were  derived  from 
the  information  given  to  us  by  Exxon. 
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METHODOLOGY  OF  THE  STUDY 


In  the  "Guidelines”  sent  to  battery  developers,  JPL  indicated  that  there  were 
eight  vehicle  types  for  which  they  would  like  preliminary  designs  to  be  made. 
From  these  preliminary  designs,  it  was  hoped  that  battery  developers  could 
make  reasonably  reliable  projections  of  the  specific  energy,  specific  power, 
volume  and  OEM  price  of  batteries  that  would  give  the  desired  EV  performance. 
It  was  recognized  from  the  beginning  that  any  particular  battery  on  which 
information  was  being  sought  would  not  necessarily  meet  the  requirements  of 
all  eight  vehicle  types  specified  by  JPL.  In  the  present  study,  we  decided  to 
eliminate  vehicle  types  for  which  we  thought  that  zinc/bromine  batteries  would 
be  inherently  unsuitable.  Additionally,  we  combined  some  vehicle  types  for 
which  the  battery  requirements  were  very  similar.  The  EV  types  and  battery 
requirements  on  which  we  hoped  to  develop  outline  designs  were,  therefore,  as 
follows: 


* Two-passenger  commuter  EV 

12kWh 

25kW 

* Hybrid  4/5-passenger  EV 

15kWh 

50kW 

* General  purpose  electric  car  or  van 

25kWh 

60kW 

* Full  performance  4/5-passenger  EV 

50kWh 

50kW 

We  note  at  this  point  that  the  present  design  for  a zinc/bromine  EV  battery 
leads  to  nominal  ratings  of  about  20kWh  and  30kW. 

Ideally,  we  had  hoped  to  answer  the  questions  posed  by  JPL  in  the 
"Guuidelines"  by  making  projections  of  battery  performance  on  the  basis  of 
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actual  preliminary  designs  for  zinc/bromine  batteries  optimized  to  the  four 
vehicle  types  listed  above.  However,  since  Exxon  did  not  find  it  possible  to 
accept  a contract  from  JPL  to  perform  such  work,  it  was  necessary  for  us  to 
adopt  a different  approach.  The  methodology  we  used  to  make  the  necessary 
projections  therefore  consisted  of  the  following  steps: 

* Careful  review  of  the  literature  available  on  the  design  of  Exxon 
zinc/broraine  batteries  for  electric  vehicle  use. 

* Development  of  a set  of  forms  (attached  as  Appendix  A)  to  facilitate 
recording  information  received  from  battery  developers  who  agreed  to 
respond  to  the  JPL  "Guidelines". 

* Quantification  of  the  weight,  volume,  projected  OEM  price  and  expected 
performance  of  the  present  state-of-the-art  battery. 

* In  face-to-face  and  telephone  discussions,  and  written  communications 
with  Exxon  personnel,  establishment  of  projections  for  the 
performance,  weight,  volume  and  OEM  price  of  a zinc/bromine  battery 
with  an  optimized  present-day  design. 

* Acquisition  of  information  on  the  non-quant if iable  questions  in  the 
JPL  "Guidelines"  by  face-to-face  questioning  of  Exxon  personnel. 

* Acquisition  of  the  coefficients  of  the  Symons  Equations  for  the 
weight,  volume  and  OEM  price  of  batteries  with  performances  different 
from  those  given  to  us  for  the  optimized  present-day  design.  This 
information  was  requested  of  Exxon  personnel  during  our  meeting  and 
received  in  writing  at  a later  date.  For  a further  discussion  of  the 
Symons  Equations,  see  below. 

* Calculation  of  the  weight,  volume  and  expected  OEM  price  of  Exxon 
zinc/bromine  batteries  for  the  four  vehicle  types  listed  above,  and 
calculation  and  projection  of  the  specific  energy,  specific  power  and 
battery  OEM  price  projections  requested  by  JPL.  Note  that  the 
specific  energy  versus  discharge  rate  and  specific  peak  power  versus 
state-of-discharge  projections  were  made  on  the  basis  of  the  overall 
weight  projected  for  the  various  batteries  combined  with  the  projected 
performance  of  the  optimized  present-day  design  battery. 

* Submission  of  the  final  projections  to  Exxon  by  way  of  a first  draft 
of  this  report  and  modifications  of  the  projections  as  necessary 
through  telephone  conferences  with  their  personnel  and  by  means  of 
written  communications  from  them. 

It  should  be  noted  that  a zinc/bromine  battery  of  the  type  specified  in  the 
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"Guidelines"  as  "Present"  has  not  yet  been  built  by  Exxon,  and  that  the 
projections  given  under  this  heading  in  the  next  section  have  been  made  on  the 
basis  of  the  performance  of  a 20kWh  battery  designed  for  solar  PV  storage. 

This  approach  was  taken  because  the  final  design  details  of  the  zinc/ bromine 
battery  to  be  built  under  the  DOE/EHV/Ford  project  have  not  yet  been 
determined,  and  use  of  the  expected  performance,  weight  and  volume 
characteristics  of  this  battery  would  therefore  be  premature. 

The  Symons  Equations,  referred  to  above,  that  represent  an  inherent  part  of 
the  projection  methodology  used  in  the  present  study,  were  derived  by  the 
author  as  part  of  a study  conducted  by  Argonne  National  Laboratory.  The 
derivation  of  the  equations  was  described  in  detail  in  an  internal  report  to 
ANL  (1982)  and  has  been  summarized  in  a number  of  open-literature  publications 
(see,  for  example,  P.  C.  Symons,  Extended  Abstracts  of  the  Electrochemical 
Society,  Volume  82-2,  pg.  7).  In  essence,  the  formulae  that  are  now  described 
as  the  Symons  Equations  relate  the  weight,  volume  and  projected  OEM  price  of  a 
battery  to  the  energy  and  power  that  are  to  delivered  by  it.  The  three 
equations  are  as  follows: 

Battery  weight  (W)  = AxE  + BxP  + C 

Battery  volume  (V)  * A'  x E + B'  xP  + C' 

Battery  price  (X)  - A"  x E + B"  x P + C" 

- where  E is  the  energy  to  be  delivered  hy  the  battery  to  the  motor-controller 
of  EV  in  kWh,  P is  the  power  required  to  give  accelerations  in  kW,  and  A,  A', 
A",  B,  C etc.  are  coefficients  that  are  de.ived  from  a particular  battery 
design.  The  energy  and  power  used  in  the  Symons  Equations  must  be  specified 
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carefully  if  the  equations  are  to  be  useful  (see  references  for  a further 
discussion  of  this).  Please  note  that  the  coefficients  of  the  Symons 
Equations  refer  to  a particular  group  of  batteries  that  are  designed  according 
to  the  same  set  of  principles;  these  equations  cannot  be  used  for  batteries  of 
the  same  generic  type  at  different  stages  of  development.  Any  particular  set 
of  coefficients  refer,  of  course,  to  batteries  of  the  same  generic  type.  In 
addition,  it  should  be  noted  that  the  Symons  Equations  are  only  intended  for 
use  over  relatively  small  ranges  of  energy  and  power.  The  ranges  appropriate 
for  any  particular  set  of  Symons  Coefficients  will  depend  on  the  battery  type 
and  the  actual  battery  design  that  was  used  to  derive  them.  The  use  of 
estimating  formulae  such  as  the  Symons  Equations  to  project  the  performance  or 
price  must  never  be  taken  out  of  the  context  in  which  the  coefficients  were 
derived . 

The  methodology  used  to  estimate  the  characteristics  of  various  zinc/bromine 
batteries  that  has  been  used  herein  necessarily  results  in  projections  that 
are  based  on  the  same  set  of  critical  design  and  performance  assumptions.  In 
other  words,  we  do  not  assume  different  degrees  of  success  in  developing  the 
various  batteries  required  for  different  vehicle  types.  Improvement  over  the 
present  state  of  the  art  is  assumed,  however,  as  will  be  discussed  in  the 
final  section  of  the  report.  In  the  next  section,  we  describe  the  results  of 
the  design  analysis  that  has  been  performed  on  Exxon  zinc/bromine  batteries. 
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STUDY  RESULTS 

As  described  in  the  preceding  section  of  the  report,  the  information  on  Exxon 
zinc/bromine  batteries  for  the  JPL  study  has  been  received  in  two  separate 
ways.  Firstly,  during  a visit  to  Exxon,  the  author  got  projections  on  the 
expected  performance,  OEM  price  and  life  characteristics  of  an  EV  battery  with 
a design  which  is  basically  an  optimized  version  of  the  one  presently  under 
development  for  solar  PV  storage.  Information  on  batteries  designed 
specifically  for  the  EVs  of  interest  to  JPL  was  not  available  directly  but  was 
obtained  in  the  form  of  coefficients  for  the  Symons  Equations.  These 
coefficients,  supplied  in  writing  to  the  author,  represent  the  second  way  in 
which  the  information  required  for  the  JPL  study  was  obtained.  We  note  that 
the  two  types  of  information  obtained  from  Exxon  are  supposed  to  refer  to 
batteries  designed  according  to  the  same  basic  design  principles  and  that 
different  degrees  of  advancement  of  the  technology  are  not  assumed  for  the 
various  EV  types.  Both  types  of  information  obtained  is  summarized  below, 
this  being  presented  as  completed  "JPL  Forms"  (see  preceding  section)  at  the 
end  this  section.  A commentary  on  the  assumptions  believed  to  have  been  used 
by  Exxon  is  given  first,  and  then  the  values  of  the  coefficients  of  the  Symons 
Equations  are  described  and  discussed,  before  the  overall  information 
requested  by  JPL  is  given. 

The  design  basis  on  which  the  quantitative  information  given  below  was 
calculated  or  projected  is  as  follows: 
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* Overall  system  designed  according  to  the  principles  of  Exxon 
zinc/bromine  batteries  outlined  in  the  INTRODUCTION  to  this  report  and 
described  in  Exxon's  SNLA  reports  referenced  above. 

* Fully  charged  electrolyte  has  composition  comprising  3 molar  zinc 
bromide,  0.5  molar  each  of  MEMBr  and  MEPBr  (bromine  complexing 
agents),  4 molar  of  a mixture  of  potassium  and  ammonium  bromides. 

* Utilization  of  dissolved  zinc,  ie.  fraction  of  zinc  that  would  be 
plated  during  a full  charge  with  a 1G0X  coulomblc  efficiency,  taken  as 
70S  for  all  designs.  This  implies  that  the  minimum  concentration  of 
zinc  bromide  will  be  about  0.9  molar,  neglecting  the  coulomblc 
inefficiency  and  any  volume  change  of  the  electrolyte  that  may  occur. 

* Baseline  (ie. "Present")  design  based  on  a charge  zinc  loading  of 
90mAhr/sq.cm.  and  a charge  time  of  3 hours.  The  Exxon  method  used  to 
make  calculations  of  battery  weight  as  a function  of  expected 
capability  is  shown  in  Table  1.  EV  battery  designs  with  a different 
P/E  ratio  would  have  a different  loading  and  charge  time. 

* Values  of  energy  deliverable  given  for  a continuous  discharge  at  the 
stated  rate,  such  discharge  immediately  following  the  preceding 
charge.  Values  for  energy  deliverable  do  not,  unless  otherwise 
stated,  include  the  energy  required  for  auxiliaries  - pumps  and  shunt 
current  protection  - during  discharge.  The  actual  energy  that  can  be 
delivered  must  be  reduced  by  the  energy  required  to  drive  the 
auxiliaries  during  the  discharge, 

* The  "Present"  design  gives  a nominal  20kWh  and  30kW  battery  that  is 
projected  to  weigh  303  kg.  and  to  occupy  284  litre.  A breakdown  of 
the  weight  and  volume  of  this  battery  is  shown  in  Table  2.  A 20kWh 
battery  with  an  unoptimized  design  of  the  same  type  as  that  used  for 
the  projection  actually  weighs  330kg.  However,  the  power  of  this 
battery  is  not  as  high  as  that  projected  for  the  "Present"  design.  A 
new  cathode  layer  (CP-3),  already  under  test  in  small  cell-stacks,  is 
thought  to  be  capable  of  the  required  performance. 

* The  energy  deliverable  under  sustained  discharge  was  projected  by 
Exxon  on  the  basis  of  data  obtained  on  Stack  # PAM01Z,  this  being 
designed  and  tested  according  to  the  principles  listed  herein. 
Experimental  discharge  curves  for  this  cell-stack  are  given  in  Fig  3. 

* Projections  for  peak  power  capability  of  the  "Present"  battery  were 
made  by  Exxon  on  the  basis  of  data  obtained  on  a lOkUh  cell-stack 
identified  as  Z-10.  This  stack  has  a design  similar  to  that  assumed 
in  making  the  projections.  The  raw  data  used  in  making  the 
projections  is  shown  in  Fig  4.  The  state-of-charge  (SOC)  is  defined 
relative  to  the  energy  deliverable  (see  above)  at  the  three-hour 
discharge  rate. 

* Estimates  of  the  OEM  price  of  an  Exxon  zinc/bromine  battery  of  20kWh 
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nominal  capacity  ware  made  by  the  developer  according  to  the  ADL 
method  in  1981.  The  result8  of  this  Exxon  analysis  are  given  in  the 
Phase  II  SNLA  Report  referenced  above,  and  are  summarized  in  Table  3. 

The  battery  costed  is  presumably  of  the  same  design  as  that  for  which 
weight  and  volume  estimates  am  given  above.  An  OEM  price  of  about 
$800  for  the  20kWh  battery  resulted  from  this  estimate. 

These  design  principles  represent  the  basis  for  projections  made  for  the 

"Present"  design  battery  and  for  batteries  with  different  performance 

capabilities. 

For  batteries  that  are  required  to  have  capabilities  different  from  the 
baseline  ("Present")  design,  Exxon  submitted  coefficients  for  the  Symons 
Equations  to  the  author.  Thus,  the  following  formulae  were  projected  by  Exxon 
to  be  applicable  to  the  calculation  of  the  weight,  volume  and  01ft  price  of  the 
zinc/bromine  batteries  required  for  the  EV  applications  being  analysed  by  JPL: 


Weight  « 

kWh 

X 

12.3 

+ 

kW  x 

1.35 

+ 

38.3 

kg 

Volume  - 

kWh 

X 

12.3 

+ 

kW  x 

1.36 

•f 

99.8 

litre 

OEM  Price  * 

kWh 

X 

16.0 

+ 

kW  x 

4.58 

4 

344.3 

1981$ 

- where  kWh  represents  the  energy  that  can  be  delivered  by  the  battery  at  che 
three  hour  rate  and  kW  is  the  peak  power  deliverable  at  30%  SOC.  It  should  be 
noted  that  these  definitions  of  the  energy  and  power  are  not  the  same  as  those 
used  in  deriving  the  Symons  Equations,  and  as  a result,  some  further  care 
should  be  taken  in  applying  the  formulae  than  normally  is  needed. 

In  deriving  these  formulae,  we  understand  thet.  Exxon  assumed  that  cnanges  to 
the  power  capability  of  a battery  could  be  achieved  by  adding  or  removing 
individual  bipolar  electrodes  and  their  associated  frames,  separators  and 
electrolyte  to  or  from  baseline  design,  and  that  the  energy  could  be  changed 


by  means  of  changes  to  the  amount  of  electrolyte  in  the  battery.  The  weight, 
volume  and  OEM  price  formulations  then  follow  from  the  breakdowns  referenced 
above  and  the  assumed  performance  (20kMh,  30kW)  of  the  baseline  design.  On 
the  basis  of  these  assumptions,  the  sustained  and  peak  power  projections  asked 
for  by  sJPL  for  batteries  other  than  the  baseline  case  can  be  derived  by  using 
ratios  from  the  values  projected  for  the  baseline  design. 

The  projections  requested  in  the  latest  version  of  the  JPL  ’'Guidelines”  are 
given  in  Tables  4 to  12.  The  quantitative  projections  given  in  these  tables 
should  be  only  used  in  EV  optimization  calculations  in  conjunction  with  the 
background  information  in  this  report.  In  the  tables,  there  is  some 
information  that  is  referred  to  by  means  of  numbered  notes.  These  notes 
follow  and  should  also  be  used  in  conjunction  with  the  projections  in  the 
tables. 

Note  1:  Energy  consumption  by  the  items  shown  in  Table  8 (pumps,  shunts,  self* 
discharge,  etc.)  should  be  regarded  as  proportional  to  the  nominal  power  of 
the  battery. 

Note  2:  There  has  not,  as  yet,  been  a great  amount  of  formal  cycle-life 
testing  conducted  at  Exxon  on  zinc/bromine  batteries.  The  life  of  the  active 
carbon  layers  now  used  is  not  known  at  present.  Reliability  of  small  flow 
battery  systems  is  of  some  concern  because  of  the  pumps  and  other  mechanical 
components. 

Note  3:  The  volume  of  the  baseline  20kWh/30kW  battory  calculated  from  the 
Symons  Equation  given  to  the  author  by  Exxon  is  384  litre.  This  value  does 
not  coincide  with  cither  cf  the  volumes  given  for  this  battery  during  the 
meeting  with  Exxon.  This  is  troublesome  because  the  volume  of  Exxon 
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zinc/ bromine  batteries  is  one  of  the  principal  concerns  in  EV  applications. 

The  values  given  for  the  characteristics  of  Exxon  zinc/bromine  batteries 
designed  for  EV  ure  in  this  section  are  those  given  to  us  by  Exxon  personnel 
during  a meeting  and/or  in  writing.  The  validity  of  the  estimates  made  in 
this  section  is  discussed  in  the  next  and  last  section  of  the  report. 
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VALIDITY  OF  THE  ESTIMATES 


THIS  SECTION  WILL  BE  WRITTEN  FOLLOWING  FURTHER  DISCUSSIONS  WITH  EXXON, 
PATICULARLY  AFTER  THEY  HAVE  HAD  A CHANCE  TO  REVIEW  THE  PRECEDING  SECTIONS  OF 
THE  REPORT. 


Table  1.  20  KWh  Battery  Design  Calculations 


2 

0 Basis:  90  mAh/cm  Zn  loading 

70%  Zinc  utilization 
80%  Coulombic  Efficiency 
3M  ZnBrg  Electrolyte 


0 Electrolyte  Volume  and  Weight 


Vol ume  = (electrode  area)  (Zn  loading) 

(zinc  concentration)  (zinc  utilization) 

= (1160  cm2/electrode)(156  electrodesH  .090  mAh/cm2)(360Q  s/hr)  = 

(2  x .965  x 10i»  As/mole)(3  mole  Zn/liter)(.7  utilization) 

= 147.7  1 

Weight  = 147.7  1 x 1 .7  kg/1  = 245.9  kg 


0 Capacity 

Capacity  = (Zn  loading)(av.  discharge  voltage)(couK  effic.) (electrode  area) 

^ (:090  Ah/cm2)(1.676V)(.8  coul . eff. 1(1160  CJn2/electrode)(156 
electrodes 

= 21.8  kWh  gross 

Net  Capacity  « Gross  Capacity  - Auxiliary  = 21 .8  - 3.1  = 18.7  kWh 


8 Power  (50%  SOC  at  70%  of  OCV) 

Power  = (voltage) (current  density) (electrode  area)  = 

(1.232V)  (.189  A/an2)(1160  cm2/electrode)(156  electrode)  * 42.0  kW 
8 Base  Case  (20  kWh,  90  mAh/cm2,  70%  utilization) 

Energy  Density  - l|^|ih  . B>5  wh/kg 


Power  Density  = 42  kWh  _ 19q 

325  kg  " U 79 
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Table  2.  20.  kWh  EV/PV  DESIGN  - INVENTORY  - WEIGHT  AND  VOLUME  BREAKDOWN 
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*Void  Volume  Adjustment  ‘Void  Volume  Adjustment 


Table  3.  Total  Factory  and  Capital  Costs 

Material  (Includes  Electrolyte  0 $220/Module)  $ 321.36 

Purchased  Components  (Includes  Outside  Molding  211.71 

Costs  and  Accessories) 

In-House  Labor  Costs 68.74 

Total  Material,  Components  & Labor  Cost/20  kWh  Module  601.81 

Total  Material,  Components  & Labor  Cost/kWh  30.09 


1.  0 2500  MWh  Material,  Components  & Labor  Cost  $75,225,000.00 

per  Year 


2.  Marked-up  Equipment  Costs  (10%  of  estimated 
($12,500,000) 

3.  Rent  (100  sq.  ft.  Plant  0 5.00/ft2) 

4.  Total  Factory  Costs  (Lines  1+2  + 3) 

5.  Working  Capital  Requirement  (30%  line  4) 

6.  Total  Investment  ($12,500,000  + line  5) 

7.  Return  on  Investment  & Taxes  (30%  line  6) 

8.  Additional  0 $5. 00/kWh 

9.  Total  Capital  Cost  (lines  4,  7 & 8) 

Capital  Cost  per  20  kWh  Module 
Capital  Cost  per  kWh 


1,250,000.00 

500,000.00 

76.975.000. 00 

23.092.500.00 

35.592.500.00 
10,677,750.0(1 

12.500.000. 00 
100,152,750.00 

801.22 

40.06 


- Net  Capital  Costs  Following  Page  - 
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Table  4.  Forms  for  Recording  Information  for  JPL 
January/ February,  1984  - Page  1 


DATE:  03/18/84 LOCATION:  EEC.  Inc. 

DEVELOPER:  Exxon SYSTEM:  Zn/Bro 

1.  PERFORMANCE  MODELING 


(a)  Battery  discharge  characteristics: 


Specific  Energy  (Wh/kg) 

vs  Discharge  Rate 

Battery 

Design 

20  W/kg 

60  W/kg 

80  W/kg 

100  W/kg 

200  W/kg 

1.  Present, 

64 

55 

48 

41 

Not  W/Oa 

Sustain- 

20  kWh/ 30  kW 
325  kg 

60 

52 

45 

38 

able  W 

2.  Commuter, 

12  kWh/ 25  kW  53  W/O 

220  kg 


3*  Hybrid, 

15  kWh/ 50  kW  52  W/0 

290  kg 


4*  Electric 

Vehicle  or  Van, 

25  kWh/ 60  kW  59  W/0 

427  kg 


5.  Full-Perf., 

50  kWh/ 50  kW  69  W/C 

721  kg 


*W/0  and  W signify  Without  and  With  Auxiliaries. 


Table  5.  Forma  for  Recording  Information  for  JPL 
January/ February,  1984  - Page  2 


DATE:  03/18/84 LOCATION:  EEC.  Inc. 

DEVELOPER:  Exxon SYSTEM:  Zn/Br? 

1.  PERFORMANCE  MODELING 

(b)  30-second  peak  specific  power  capability: 

Peak  Specific  Power  (W/kg)  vs  State-of-Charge 

Battery 

Design 8QZ  SOC  50%  SOC  30%  SOC  10Z  SOC 

1.  Present,  146  120  100  75a 

20  kWh/ 30  kW 


2.  Commuter 
(See  text) 


3.  Hybrid 

(See  text) 


4*  Electric 

Vehicle  or  Van 

(See  text) 

5.  Full-Pert. 

(See  Text) 


aBy  extrapolation. 
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Table  6.  Foma  for  Recording  Information  for  JPL 
January /February,  1984  - Page  3 


DATE:  03/18/84 

LOCATION: 

EEC,  Inc. 

DEVELOPER:  Exxon 

SYSTEM:  _ 

Zn/Bro 

2.  COST  PROJECTIONS 

Estimated  production  price 

to  OEM  @ 100,000  batteries/year 

Battery 

Design 

1981  i/battery 

Basis  of  Estimate/Cooaents 

1.  Present, 

20  kWh/ 30  kW 

802 

Phase  11  Report 

2.  Commuter, 

12  kWh/25  kW 


651 


Symons  Equations 


3.  Hybrid, 

15  kWh/ 50  kW 


814 


Symons  Equations 


4.  Electric 

Vehicle  or  Van, 

25  kWh/ 60  kW  1019  Symons  Equations 


5.  Full-Perf., 
50  kWh/ 50  kW 


1374 


Symons  Equations 
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Table  7*  Forma  for  Recording  Information  for  JPL 
January/February,  1984  - Page  4 


DATE:  03/18/84 LOCATION:  EEC,  Inc* 

DEVELOPER:  Exxon SYSTEM:  Zn/Br? 

ENTER  SUB-PAGE  #:  A 

3.  TECHNICAL  SUPPORT  FOR  PROJECTIONS 

How  are  improvements  assumed  in  all  the  above  to  be  achieved? a 

Component 


Present  Status 


Design  Change 


Performance  Change 


Cost  Change 


Comments 


sSee  text  of  report* 


Table  8.  Forms  for  Recording  Information  for  JPL 
January/ February,  1984  - Page  5 


DATE:  03/18/84 LOCATION:  EEC,  Inc. 

DEVELOPER:  Exxon SYSTEM:  Zn/Br? 

4.  IN-USE  ENERGY  CONSUMPTION® 

Quantification  of  sinks  of  energy  consumption  other  than  those  accounted 
for  by  performance  modeling: 


Estimates  of  in-use  energy  consumption,  W or  Wh 


Segment 

/Parameter 

1 

2 

3 

4 

5 

Start-up 

Pumps  On 

Pumps  off 

Pumps  on 

Pumps  off, 

till  charge 

and  shut-down  Continuously, 

Stack 

(See  1) 

(See  2)  Charge  2h  at 

44  min. 

Shorted, 

end  of  period 

lnA  h/cm2 

3 Wh 

312  Wh 

3 Wh 

312  Wh 

3 Wh 

Self-discharge 

3mA/  cm4- 

688  Wh 

0 

688  Wh 

0 

2156  Wh 

Shunt  currents 

161  Wh 

0 

161  Wh 

0 

520  Wh 

Parasites 

Electrolyte  Pumps 

95  Wh 

95  Wh 

260  Wh 

Cooling  Fan 

0 

0 

0 

0 

100  Wh 

Cooling  Pump 

15  Wh 

15  Wh 

40  Wh 

Thermal  loss 

0 

0 

0 

0 

0 

Charge  eff. 

Regen. 

NA 

Regen. 

NA 

Charge 

Voltaic  Effs  only 

90% 

90% 

87% 

aAbove  based  on  20  kWh/30  kW  "Present"  design.  See  Note  1. 
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Table  9*  Forms  for  Recording  Information  for  JFL 
January/ February,  1984  - Page  6 


DATE:  03/18/84 LOCATION:  EEC,  Inc. 

DEVELOPER:  Exxon SYSTEM:  Zn/Br? 

5.  LIFE  CONSIDERATIONS 

(a)  Present  status  of  cycle  life. 

Cycle  Depth-of-  Life-limiting  Statistical 
life  discharge  mechanisms  background 


Individual  cells 
cannot  be  tested 

Warpage  Failed 

8-cell-stacks  ~400  1002  Current  Collector  10 


8-cel 1-stack 

Thicker  Electrodes  640  100%  Still  under  test  1 

Electrolyte  1200  100%  None  Detected  1 


Batteries 

Did  not  fail 

10  kWh  Sub-scale  ~10C  100%  Taken  apart  1 ♦ 1 on  test 

20  kWh  Full  size  None  Cycle  tested  to  date 


(b)  Projected  cycle  life,  approach  to  solving  failure  modes,  effects  of  these 
on  cost.  Specify  any  differences  between  high-energy  & high  power  designs. 

1000  Deep  Cycles  Projected.  Approaches  to  get  this  TBD. 


(c)  Life  effects  on  specific  power  & energy,  efficiency  and  thermal 
characteristics  (i.e. , linear  with  cycling). 

Slow  decline  in  efficiency,  possibly  lower  deliverable  capacity. 


(d)  Estimate  of  reliability  of  smallest  replaceable  block  of  cells,  failure 
modes,  mean- t ime- to-failure,  etc. 

Don't  know 


See  Note  2. 
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Table  10*  For as  for  Recording  Information  for  JPL 
January /February*  1984  - Page  7 


DATE  03/18/84 LOCATION:  EEC.  Inc. 

DEVELOPER:  Exxon SYSTEM:  Zn/»ro 

6.  OTHER  OPERATIONAL  CHARACTERISTICS 
(a)  Special  charge  requirement#: 

What  happen#  if  cell#  are  overcharged  or  overdischarged? 

No  permanent  damage. 

See  Note  3* 

I#  individual  cell  balancing  required?  If  ao,  how  & how  often? 
No 


I#  periodic  complete  diacharge  required?  If  ao,  how  4 how  often? 
Ye#.  TBD  - thought  to  be  20  to  100  cycles. 


I#  equalising  necessary?  If  so*  how  & how  often? 
No 


(b)  Maintenance  requirements? 

What  regular  maintenance  is  required?  How  often? 

pH  (?),  Air  (?),  Inerts  Venting  (?),  Check  Pump#  and  Motors  (?) 


What  potential  exists  for  periodic  battery  refurbishment  rather  than 
replacement?  How  does  this  compare  to  cost  with  replacement? 

Stacks  replaceable  in  principle*  pumps/motors  could  be  serviced.  Battery 
could  be  repaired.  Cost  of  repair  labor  (unknown  now)  will  determine  if  done. 
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Table  11*  Forms  for  Recording  Information  for  JPL 
January /February , 1984  - Page  8 

DATE:  03/18/84 LOCATION:  EEC.  Inc. 

DEVELOPER:  taxon SYSTEM:  Zn/Brr> 

7.  PACKAGING  FLEXIBILITY 


(a)  Estimated  volume  of  each  of  the  designs: 


Battery 

Liters 

Comments 

1. 

Present , 

300 

Based  on  component  volumes 

31 

-5/8  in.  x 25  in.  x 34  in. 

20  kWh/30  kW 

440 

Design  Envelope  for  Battery 

2. 

Commuter, 

From  Symons  Equations 

12  kVh/2S  kW 

281 

See  Note  3 

3. 

Hybrid, 

From  Symons  Equations 

15  ktfh/50  kW 

352 

Se-  Note  3 

4. 

Electric  Vehicle 
or  Van, 

Fi>a  Symons  Equations 

25  kWh/60  kW 

489 

See  Note  3 

5. 

Full-Perf • , 

From  Symons  Equations 

50  kWh/50  kW 

783 

See  Note  3 

(b)  Sise  limitations*  minimum  possible  measurements  of  battery  cells  or  modules 
(HxHiL),  primary  considerations  if  change  must  be  made  from  present 
configuration,  other'; 


Minimum  height  of  6 in*  in  reservoir.  Assymmetry  of  electrodes  3:1. 
Change  from  present  dimensions  will  mean  redesign. 


(c)  Any  special  consideration  for  relative  placement  of  components/sub-systems, 
i.e.,  necessity  to  place  fluid  reservoir  near  cell-stack? 

Reservoir  and  stack(s)  on  same  level,  to  keep  volume  at  minimum.  Reservoir 
and  stack(s)  could  be  separated. 


(d)  Scale  effects  in  the  10-50  kWh  range,  if  applicable? 

Larger  batteries  were  advantageous  - even  more  than  shown  by  volumes  above. 
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Figure  3.  ZN-BR2  1 KWH  BATTERY  STACK-PAMO 
8 CELL  STACK"!1.  DM2  ELECTRODE  A 


CAPACITY,  AH 


* 


w ii  vi  1 1 J p 

CHARGE-DISCHARGE  VOLTAGE  PROFILE 
OF  10  kWh  (Z-10)  BATTERY 


120V-1200  cm2  ELECTRODES 


POLARIZATION  CURVES  OF  10  kWh  BATTERY  (Z-10) 
(20  SECOND  PULSES) 

Figure  4. 
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EASE  VUW 


EDA  PERSPECTIVE 


This  report  describes  the  characterisation  of  the  zinc-chloride  batter- 
ies for  a variety  of  electrical  vehicle  missions,  with  specific  emphasis 
on  the  fixed  power  to  energy  batteries  defined  in  this  contract  with 
J?L.  The  fixing  of  the  power  and  energy  levels  does  not  allow  the 
trade-offs  of  battery  stored  energy  (vehicle  range)  and  total  vehicle 
weight  for  a particular  vehicle  type.  This  trade-off  is  a very  impor- 
tant characteristic  for  flowing  electrolyte  batteries,  such  as  the  zinc- 
halogen  systems.  In  the  case  of  the  zinc-chloride  battery,  incremental 
energy  can  be  stored  for  a given  power  level  at  a cost  of  $10/  kWh  and 
at  a very  high  incremental  energy  density  of  220  Wh/kg.  A graphic  exam- 
ple of  this  is  the  general  purpose  van  having  a 60-kW,  25-kWh  battery 
defined  in  this  contract.  A zinc-chloride  battery  as  per  these  specifi- 
cations would  weigh  399  kg  and  sell  for  $3,684.  In  reality,  however, 
the  range  of  this  vehicle  could  actually  be  doubled  for  an  increase  in 
selling  price  of  only  $250  and  a weight  increase  of  250  pounds.  This 
increased  stored  energy  has  to  be  considered  as  a very  attractive  op- 
tion, since  the  100-mile  plus  range  it  would  allow,  will  greatly  improve 
the  usefulness  of  such  a van.  The  subject  of  incremental  stored  energy 
has  not  been  specifically  addressed  in  this  report  because  of  the  fixed 
power  to  energy  definition.  However,  this  subject  is  an  'oportant  ele- 
ment in  quantifying  the  zinc-chloride  battery  for  vehicle  market  appli- 
cations and  must  be  taken  into  account  if  an  accurate  and  comprehensive 
assessment  is  to  be  made. 
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INTRODUCTION 


Energy  Development  Associates  has  been  developing  zinc-chlor.ide  batter- 
ies for  electric-vehicle  applications  since  1972.  By  early  1976  it  had 
developed  the  comb-type  bipolar  stack  structure.  Under  an  RE&E  contract 
with  the  U.S.  Department  of  Energy,  EDA  developed  and  demonstrated  a 
36-kWh  engineering  prototype  battery  in  a Volkswagen  Rabbit  by  1980. 
Early  in  1980  Gulf+Nestern  Industries  (G+w)  — EDAs  patent  company  — 
initiated  its  own  program  to  demonstrate  40-kWh  zinc-chloride  batteries 
in  specially-designed  four-passenger  vehicles.  Upon  demonstrating  the 
technical  viability  of  zinc-chloride  powered  passenger  vehicles  — the 
Rabbit  exhibiting  a 117-mile  range  at  average  speeds  above  40  mph  in 
fcjghway/city  driving  and  a four-passenger  G+W  vehicle  exhibiting  a 
200-mile  range  at  4C  mph  on  a 2.5-mile  oval  track  — , the  emphasis  was 
shifted  to  delivery  vehicle  battery  development  and  engineering.  In 
1983  EDA  demonstrated  a 40-kWh  engineering  prototype  battery  in  a con- 
verted half-ton  Renault  Trafic  van.  During  independent  testing  of  this 
vehicle  at  Ohio's  Transportation  Research  Center,  it  exhibited  a 90-mile 
range  at  an  average  speed  of  35  mph. 

t 

The  basic  objective  of  this  contract  — Contract  Number  956811  with  the 
California  Institute  of  Technology,  Jet  Propulsion  Laboratory  (JPL)  — 
is  to  assess  and  report  on  the  design  flexibility,  cost  sensitivity,  and 
technical  feasibility  of  zinc-chloride  battery  designs  targeted  for 
development  through  the  early  1990s.  In  preparing  this  report  EDA  has 
made  every  effort  to  follow  the  guidelines  established  by  JPL.  It 
should  be  noted  however,  that  zinc-chloride  batteries  have  some  unique 
features  which  the  pre-established  guidelines  fail  to  bring  out.  Many 
of  these  features  are  common  to  flow  batteries  and  will  be  touched  upon 
as  a prelude  to  the  main  body  of  this  report. 


Design  and  Operational  Description 

Figure  1 schematically  illustrates  the  operation  of  a zinc-chloride  bat- 
tery during  charge.  A pump  is  used  to  circulate  electrolyte  through  the 
battery  stack.  The  chlorine  gas  formed  during  charge  is  transferred 
from  the  stack  to  the  store  using  a gas  pump.  The  chlorine  la  mixed 
with  chilled  store  liquid  at  the  inlet  to  the  pump  and  chlorine  hydrate 
is  formed  in  the  pump  and  at  the  outlet  from  the  pump.  The  circulating 
store  liquid  is  separated  from  the  solid  hydrate  particles  using  a fil- 
ter shown  at  the  bottom  of  the  store.  A heat  exchanger  utilising  glycol 
or  Freon  is  used  to  chill  the  recirculating  store  liquid. 
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Figure  1.  Zinc-Chloride  Battery  During  Charge 


Figure  2 shows  the  battery  during  discharge.  Electrolyte  is  again  cir- 
culated through  the  stack  using  a pump.  A portion  of  this  warm  electro- 
lyte is  tapped  from  the  main  manifold  and  flowed  through  a heat  exchang- 
er to  decompose  the  hydrate.  The  evolved  chlorine  gas  from  the  store  is 
injected  and  dissolved  in  the  electrolyte  stream  which  is  feeding  the 
stack.  The  gas  pump  is  not  used  during  discharge. 
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Figure  2.  Zinc-Chloride  Battery  During  Discharge 
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Figures  1 and  2 show  the  battery  stacks  inside  the  sump.  In  most  vehi- 
cle batteries,  the  battery  stacks  are  actually  packaged  separately  from 
the  sump  and  are  connected  to  the  sump  by  electrolyte  supply  and  return 
piping.  Also  heat  transfer  between  stack  and  store  is  most  frequently 
accomplished  by  a direct  interchange  of  electrolyte  between  the  two 
compartments . 

Figure  3 shows  the  present  construction  of  a zinc-chloride  comb-type 
battery  stack.  Graphite  wafers,  which  serve  as  the  zinc-electrode 
substrates,  are  press-fitted  into  one  side  of  a bipolar  busbar.  Pairs 
of  chlorine  electrodes  are  press-fitted  into  the  other  side  of  the  bus- 
bar. The  result  is  a double-sided  comb,  hence  the  comb-type  designa- 
tion. In  assembling  the  battery  stacks,  the  zinc  electrodes  of  one  comb 
interleave  with  the  chlorine-electrode  pairs  of  another  comb  to  form  the 
unit  cell.  The  stack  terminates  with  a thick  graphite  busbar  at  one  end 
with  chlorine  electrodes,  while  at  the  other  end,  there  is  a thick 
graphite  busbar  with  zinc-electrode  substretes. 
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Figure  3.  Zinc-Chloride  Unit  Cell  Construction 


Design  Flexibility  of  Zinc-Chloride  Mobile  Batteries 

Design  parameters  that  reflect  the  performance  and  cost  of  zir  -chloride 
batteries  in  mature  production  in  the  early  1990s  were  utilized  to 
develop  the  relationships  between  power,  energy,  weight,  and  cott  of 
vehicle  batteries. 
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Figure  4 shows  the  general  relationship  between  specific  power  and 
specific  energy  for  P/E  ratios  of  1 s 1 to  2:1.  The  band  illustrates  that 
the  relationship  varies  with  different  battery  capacities.  P/E  ratios 
greater  than  2 would  be  achieved  by  adding  more  stack  volume. 


SPECIFIC  POWER:  W/lb 


Figure  4.  Specific  Power  and  Specific  Energy  Relationship 


Figure  5 illustrates  the  relationship  between  battery  power,  energy,  and 
weight.  This  figure  more  clearly  shows  the  effect  of  battery  power  on 
weight.  Doubling  the  power  of  a 30-kWh  battery  from  30  kW  to  60  kW,  the 
weight  increases  from  ^£50  pounds  to  ^930  pounds  (100  Wh/kg  „ > 70  Wh/kg, 
respectively).  By  increasing  the  battery  energy  for  any  design  power 
level  increases  the  battery  weight  at  a rate  of  only  "vIO  lb/kWh  (4.5  kg/ 
kWh) . 
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POWER:  kW 

Figure  5.  Battery  Power , Energy,  end  Weight  Relationship 


Figure  6 shows  the  relationship  between  battery  power,  energy,  and  sell' 
ing  price.  This  figure  shows  the  sensitivity  of  battery  selling  price 
to  battery  power  level  and  the  relative  insensitivity  of  price  to  bat- 
tery energy.  A 30-kW,  30-kWh  battery  would  sell  for  £2,500  and  a 60-kw, 
30- kWh  battery  would  sell  for  $3,750,  a 50%  increase  in  selling  price. 
Conversely  an  increase  in  battery  energy  increases  the  selling  price  of 
higher  power  batteries  at  a rate  of  only  10/kWh. 


RESPONSE  TO  JPL  GUIDELINES 


This  section  of  ths  report  summarises  the  results  of  the  assessment  con- 
ducted in  accordance  with  the  "Guideline  For  Contractor  Response."  The 
order  of  presentation  is  consistent  with  the  format  of  the  guideline 
document. 


Battery  Technological  Projections 


Zinc-chloride  battery  performance  and  cost  projections  were  made  for 
four  specific  vehicle  batteries.  The  four  batteries  and  their  delivered 
energy  and  power  requirements  are  aa  follows: 

Cosmuter  Vehicle  Battery  — *2  kWh.  25  kW 

Hybrid  Vehicle  Battery  — IS  kWh,  50  kW 

General  Purpose  EV  or  Commerciel  van  Battery  — 25  kWh,  60  kW 
Full  Performance  EV  Battery  — 50  kWh,  50  kW 


The  technological  projections  for  these  four  batteries  as  well  as  other 
sinc-chloride  batteries  in  this  report  are  limited  to  batteries  which 
could  be  demonstrated  in  prototype  form  in  the  early  1990s.  The  projec- 
tions are  for  one-year  old  batteries  operating  in  70*F  ambient  air. 


Performance  Modeling 

A battery  model  was  used  to  project  performance  end  weight  of  rinc -chlo- 
ride batteries  for  various  battery  energy  storage  and  power  require- 
ments. The  basic  design  parameters  for  this  model  are  as  follows: 

o Delivered  capacity  of  160  mAh/cm*  ©f  electrode  surface 
o Delivered  energy  of  30C  M/cm2  at  30-sec  peak  power 
o Chlorine  storage  density  of  0.27  g/cc  of  store  volume 


Projected  discharge  characteristics  of  the  four  specified  vehicle  bat- 
teries are  coppered  in  Tables  1 and  2.  These  projected  characteristics 
are  compared  with  a 43-kwh,  40-kW  battery  that  reflects  the  present 
state-of-the-art  of  sinc-chloride  battery  technology. 

Table  1 comparts  the  specific  energy  (Wh/kg)  at  various  discharge  rates 
for  the  subject  batteries. 
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Tabic  1 


SPECIFIC  ENERGY  (Wh/kg)  FOR  VARIOUS  DISCHARGE  RATES 


Discharge  Rata  (W/kq)  30  Sac  Pack 


Battery  Design 

20 

60 

80 

100 

l»A9> 

1 . Present 

€7 

51 

63 

2.  Ooamuter 

66 

60 

58 

55 

133 

3.  Hybrid 

50 

47 

46 

44 

162 

4.  Gen.  Purpose  EV  or  Van 

€5 

61 

58 

56 

150 

5.  Full  Ferformance 

110 

100 

93 

85 

108 

Table  2 compare*  the  30-aecorvi  peak  power  capability  at  various  state- 
of -charge  percentages.  These  values  reflect  the  relatively  flat  voltag* 
profile  of  the  xinc-chloride  battery  throughout  the  entire  battery  dis- 
charge. 


Table  2 

30-SECOND  PEAK  SPECIFIC  POWER  (W/kg)  AT  VARIOUS  PERCENT 
6TATE-OF-CHARGE  AS  DEFINED  BY  A STANDARD  C/4  RATE 


Battery  Design 

1 . Pre^unt 

2.  Commuter 

3.  Hybrid 

4.  Gen.  Purpose  EV  or  Van 

5.  Full  Performance 


80 

_50 

« 

30 

80C 

10 

62 

61 

61 

60 

132 

130 

128 

127 

160 

158 

156 

154 

149 

147 

145 

144 

107 

105 

104 

103 

Coat  Projections 

Eat last os  of  battery  selling  price  of  the  four  specified  vehicle  batter- 
ies and  a present  state-of-the-art  43-kWh,  40-kW  battery  are  compared  in 
Table  3.  The  estimates  are  for  batteries  in  mature  production  of 
100,000  units  per  year. 
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Table  3 


SELLING  PRICE  OP  VEHICIE  BATTERIES 


Battery  Design  I /Battery 


1. 

Present 

4,000* 

2. 

Commuter 

2,026 

3. 

Hybrid 

3,154 

4. 

Gen.  Purpose  EV  or  Van 

3,684 

5. 

Full  Performance 

3,525 

*Bngineered  for  Manufacturing 


Technical  Support  for  Projactiona 

Research  and  development  in  several  areas  to  advance  the  state-of-the- 
art  of  zinc-chloride  batteries  is  a continuing  effort  at  EDA.  Develop- 
ment of  the  following  components,  systems,  and  processes  is  expected  to 
lead  to  the  Achievement  of  the  battery  performance  and  price  projected 
for  the  early  1990s. 

Store  (hydrate  storage  process) i Increasing  the  chlorine  hydrate  sto- 
rage density  significantly  impacts  on  battery  weight  and  volume  as  trail 
as  reduces  cost.  Using  straight  filtration,  chlorine  packing  densities 
of  0.20  g/cc  of  store  volume  are  presently  achieved  in  40-kWh  size 
stores  and  densities  up  to  0.25  g/cc  have  been  achieved  in  20 -kWh  size 
stores.  Chlorine  storage  densities  in  the  range  of  0.30-0.40  g/cc  have 
been  demonstrated  with  hydrate  pellets. 

Cell  Electrodes:  Lower  cost  graphite  electrodes  and  improved  activation 
processes  have  a direct  effect  on  battery  performance,  weight,  volume, 
and  cost. 

Unit  Cell:  Development  of  unit  cell  designs  offer  promise  of  reduced 
cost  through  reduced  component  parts,  fabrication,  and  assembly.  Unit 
cell  design  development  also  has  promise  of  significant  improvements  in 
stack  performance  and  efficiency. 

Materials  of  Construction:  Improvement  os.  materials  promises  reduced 
fabrication  costa  and  reduced  maintenance  costa  due  to  a reduction  of 
contaminants  in  the  electrolyte. 

Battery  System:  Battery  system  development  aimed  at  system  and  compo- 
nent simplification  promises  reduced  costs  and  improved  reliability. 
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Energy  Balance 

To  quantify  sourcaa  of  energy  use  such  as  self  discharge,  parasitic 
losses,  etc.,  under  vehicle  driving  conditions,  a total  energy  balance 
was  performed  for  a sine-chloride  battery  through  an  entire  driving 
cycle.  The  cycle  utilised  for  this  energy  balance  is  the  simplified 
24-hour  driving  pattern  requested  in  the  "Guidelines  for  Contractor 
Response"  furnished  by  JPL.  This  driving  pattern,  which  certainly  can- 
not be  considered  as  a typical  EV  driving  cycle,  is  illustrated  in 
Figure  7.  The  driving  portion  of  this  pattern  (designated  driving  cycle 
3)  was  proposed  by  JPL  to  the  EHV  Battery  Task  Force  as  a greatly 
simplified  version  of  the  Federal  Urban  Driving  Schedule  to  be  used  for 
life-cycle  testing.  This  driving  cycle  is  detailed  in  Table  4. 


Repeat 
6 Cycles 

44  min 


Stand 


Repeat 
6 Cycles 

44  min 


|Charge| 
Stand  |-8  hrs  | 


9 hrs,  1 6 min 


5 hrs,  1 6 min 


4:44  10:00  6:00 

pm  pm  am 


‘Segment  1 


•4  »{«  5-H 


Figure  7.  Simplified  24-Hour  Driving  Pattern 
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Table  4 


DETAILED  DRIVING  CYCLE  3 


Cycle  Segment 

No.  Time  (»)  Type* 

1 0-26  A 

26-30  A 

30-74  A 

74-76  A 

76-171  D 

2 171-196  S 

196-211  A 

211-236  C 

236-251  D 

3 251-276  S 

276-291  A 

291-316  C 

316-331  D 

4 331-356  S 

356-371  A 

371-396  C 

396-411  D 

411-436  S 


Energy  Consumed 
(W-s/kg) 

Average 

(W/k< 

298 

12 

358 

89 

1428 

33 

94 

47 

-265 

-3 

0 

0 

497 

33 

175 

7 

-155 

-10 

0 

0 

497 

33 

175 

7 

-155 

-10 

0 

0 

497 

33 

175 

7 

-155 

-10 

0 

0 

*A  - acceleration 
C - cruise 
D - deceleration 
S - stand 


All  calculations  of  the  total  energy  balance  were  based  on  the  ETV-1 
vehicle  battery  weight  of  488  kg. 

The  total  energy  balance  was  calculated  for  a sinc-chloride  battery 
design  based  on  performance  levels  projected  in  the  early  1990s.  This 
battery  has  a design  30-second  peak  power  of  50  kW*  a delivered  energy 
of  52.7  kWh  at  a C/4  discharge  rate*  and  a total  weight  of  472  kg. 
Although  the  total  energy  consumed  in  the  24-hour  driving  pattern  is 
small  compared  to  the  energy  storage  capacity  of  this  battery*  this  size 
battery  was  chosen  to  approach  the  weight  of  the  ETC-1  vehicle  battery 
(488  kg)  used  as  the  calculation  base* 


The  ••tin* '-3  of  in  ua«  energy  consumption  and  th«  energy  balance  cf  the 
slnc-chlc  ci'.e  battery  for  the  24-hour  driving  pattern  ara  shown  in  Table 
5. 


Table  5 

ESTIMATES  OP  IN-USE  ENERGY  CONSUMPTION  (Nh) 
FOR  24-HOUR  DRIVING  PATTERN 


Segments 


Parameters 

1 

2 

3 

4 

5 

8tart-up/ 

Shut-down 

Self-discharge  6 

0 

0 

0 

0 

0 

Shunt  Current 

931 

135 

931 

135 

1307 

Parasitica 

157 

204 

157 

116 

464 

Thermal  Loss 

0 

0 

0 

0 

0 

Net  Heat  Rejection 

924 

320 

924 

237 

2669 

Total  Energy  Delivered  (segments  143)  ■ 5,634  Nh 

Total  Energy  Input  on  Charge  (segment  5)  ■ 11,660  Nh 
System  Discharge  Efficiency  ■ 64. 4 t 

System  Charge  Efficiency  » 75.01 

Overall  Round-Trip  Efficiency  • 46.31 


Net  battery  ampere  hours  and  watt  hours  delivered  and  ampere  hour  and 
watt  hour  losses  for  the  discharge  segments  (segments  1 and  3)  of  the 
24-hour  driving  pattern  were  calculated  by  a detailed  analyses  of  the 
four  modes  of  operation  in  the  segments,  i.e.,  acceleration,  cruise, 
deceleration,  and  stand.  The  8-hour  charge  segment  (segment  5)  of  the 
24-hour  pattern  was  calculated  as  a 0.5-hour  period  for  store  electro- 
lyte cool  down  to  hydrate  formation  temperatures  and  a 7. 5- hour  battery 
charge.  The  net  heat  rejected  in  each  segment  includes  all  parasitic, 
shunt,  self  discharge,  thermodynamic  heat,  heat  of  hydrate  formation 
(charge)  or  decomposition  (discharge),  and  voltaic  losses.  Regenerative 
braking  is  assumed  during  deceleration  and  the  associated  voltaic  losses 
are  included.  The  total  energy  input  on  charge,  the  system  charge  effi- 
ciency, and  the  overall  round-trip  efficiency  include  the  energy  input 
of  the  refrigeration  unit  for  the  8-hour  duration  of  segment  5. 


D-19 


Because  the  consumed  energy  in  segments  1 through  4 is  only  a fraction 
of  the  storage  capacity  of  the  zinc-chloride  battery  in  this  weight 
class,  the  values  in  the  charge  segment  (segment  5)  are  normalised  by 
this  fraction  to  permit  proper  battery  evaluation.  With  this  sine -chlo- 
ride battery,  the  driving  pattern  could  be  repeated  approximately  seven 
times  on  a single  charge.  Due  to  the  fact  that  the  zinc-chloride  bat- 
tery has  no  start-up  or  shut-down  losses  and  operates  at  near  ambient 
with  no  thermal  losses,  these  parameters  in  Table  5 are  designated  as 
such. 

It  is  assumed  that  the  24-hour  driving  pattern  requested  in  the  Guide- 
line is  for  battery  evaluation  purposes  only.  EDA  does  not  consider 
this  pattern  to  be  representative  of  any  urban  driving  cycle  and  is  con- 
sidered to  be  a worst-case  duty  cycle  for  flowing  electrolyte  batteries 
because  of  the  many  active  stand  requirements.  The  round-trip  efficien- 
cy for  this  driving  pattern  is  48«  as  compared  to  a round-trip  effi- 
ciency of  'v/601  for  a standard  C/4  discharge  cycle.  The  efficiency  for  a 
truly  representative  driving  pattern  would  be  somewhere  between  these 
values;  more  likely  in  the  range  of  over  50%  and  under  60%. 


Life  Considerations 

Due  to  the  cost  and  time  required  for  cycle  life  testing  with  vehicle 
batteries,  life  cycle  test  data  are  limited.  Most  of  the  data  available 
are  for  zinc-chloride  cells  and  batteries  that  are  indicative  of  but  not 
identical  to  vehicular  batteries.  EDA  has  operated  a zinc-chloride 
battery-powered  vehicle  approximately  25,000  equivalent  miles  with  vary- 
ing states  of  charge.  The  number  of  cycles  on  this  vehicle  battery  is 
202  to  date.  Modules  in  load-leveling  batteries  — which  incorporate 
the  same  basic  cell  design  and  materials  — have  performed  through  the 
equivalent  of  1,724  cycles.  Although  not  part  of  any  formal  life-cycle 
test  program,  experimental  zinc-chloride  cells  have  operated  over  more 
than  600  cycles.  Data  collected  from  these  cells  and  batteries  indicate 
that  the  gradual  oxidation  of  the  porous-graphite  chlorine  electrodes 
will  establish  the  useful  life  of  zinc-chloride  electric-vehicle  batter- 
ies. Carbon  dioxide  formation  rates  suggest  that  the  chlorine  elec- 
trodes will  experience  only  a 10%  reduction  in  weight  after  150,000 
vehicle  miles. 

These  data  are  summarized  in  Table  6. 

Other  Operational  Characteristics 

Zinc-chloride  batteries  offer  the  capability  of  over-charge  and  over- 
discharge without  producing  any  serious  safety  hazards  or  permanent 
damage  to  the  batteries.  The  depletion  of  zinc  ions  during  overcharge 
results  in  an  increased  H2  formation  rate  at  the  zinc  electrodes.  This 
is  handled  by  recombining  the  H2  with  CI2  in  the  gas  phase  using  the 
recombination  reactor.  Due  to  the  fact  that  excess  chloride  ions  are 
present  — in  the  form  of  supporting  salts  — , the  major  anodic  reaction 
during  over-charge  continues  to  be  the  oxidation  of  chloride  ions  to 
chlorine.  This  chlorine  is  then  available  for  recombination  with  the 
H2  and  return  to  the  electrolyte  as  HC1. 
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Table  6 


PRESENT  STATUS  CYCLE  LIFE 


Calls 


Cycle  Depth  of 

Life  Discharge 


>600*  Varied 


Nodules 


>1700  lOOt 


Batteries 

Vehicle  200  100« 

Load-Leveling  170  100% 


Life-1 ini ting 
Mechanisms 


CO2  fornation  rates 
indicate  10%  wt.  loss 
in  chlorine  electrodes 
at  150,000  vehicle 
nilea. 


Chlorine-electrode 
loss  due  to  exten- 
sive accidental 
overcharges. 


Both  units  remain 
operational. 


*Cells  employed  for  developmental  purposes  and  were  not  part  of  a 
formal  life  test  program. 


Upon  over discharge  zinc-chloride  cells  revert  to  chlorine-chlorine  cells 
due  to  the  excess  inventory  of  chlorine  in  the  system.  Typical  50-kWh 
zinc-chloride  batteries  contain  a minimum  inventory  of  0.6  kg  of  excess 
chlorine  as  chlorine  dissolved  in  the  battery  electrolyte  and  1 atm  ab- 
solute chlorine  pressure  in  the  gas  phase  of  the  battery,  upon  deple- 
tion of  metallic  zinc  from  the  dense-graphite  zinc-electrode  substrates, 
the  electrode  reaction  becomes  the  anodic  formation  of  chlorine  from 
available  chloride  ions.  The  corresponding  cathodic  reduction  of  dis- 
solved chlorine  to  chloride  ions  continues  at  the  porous-graphite  chlo- 
rine-electrode substrates  of  a reversed  (overdischarged)  cell. 

Cell  balancing  in  a zinc-chloride  battery  is  accomplished  by  completely 
stripping  zinc  from  all  the  cells  in  the  battery,  i.e.,  cell  balancing 
is  accomplished  by  periodic  complete  discharge.  Zinc-electrode  shape 
changes,  associated  with  nonuniform  shunt  current  and  primary  current 
distributions  during  partial  depth-of -discharge  operation,  suggest  the 
desirability  of  conducting  periodic  cell  balancing  operations  after 
every  5,600  Ah  of  charge  or  the  equivalent  of  every  10  complete  charge/ 
discharge  cycles. 


D-21 


Maintenance  operations  on  commercial  tinc-chloride  batteries  will  be 
conducted  primarily  to  ensure  the  proper  operation  of  mechanical  and 
electrical  components  in  the  system.  Valve  seats#  pump  bearings  and 
wear  plates#  etc.#  may  require  replacement  on  an  annual  or  biannual 
basis.  Electronic  components  — pressure  transducers#  tesiperature 
sensors#  etc.#  — could  require  annual  recalibration  and  occasional 
replacement.  Inerts-gas  rejection  will  be  handled  automatically  at  com- 
plete discharge  and  adjustments  to  the  electrolyte  pH  will  be  required 
on  about  a biannual  basis. 

Zinc-chloride  batteries  are  designed  to  allow  for  the  replacement  or  re- 
furbishment of  failed  mechanical  and  electrical  components  or  subsys- 
tems. The  battery  stack  can#  in  accidental  contamination  situations#  be 
refurbished  by  draining  and  chemical  cleaning.  Although  present  stack 
designs  do  not  allow  for  easy  electrode  replacement#  it  is  possible  to 
replace  unit  cells  and  thereby  refurbish  a battery  stack.  Unit  cell  re- 
placement offers  cost  savings  over  stack  replacement  for  about  two- 
thirds  the  life  of  the  battery.  Beyond  the  equivalent  of  80 #000  vehicle 
miles  on  the  battery  the  cost  of  cell  replacement  may  not  be  economi- 
cally justified. 


Packaging  Flexibility 

Table  7 coapares  the  projected  volumes  of  the  four  specified  vehicle 
batteries  and  a present  state-of-the-art  4 3 -kWh,  40-kW  battery. 


Table  7 

VOLUME  OF  VEHICLE  BATTERIES 


Volume 


Battery  Design 

(liters) 

1 . Present 

464 

2.  Commuter 

144 

3.  Hybrid 

253 

4.  Gen.  Purpose  EV  or  Van 

325 

5.  Pull  Performance 

366 

A cell  stack  is  a number  of  unit  cells  fabricated  in  series  in  bipolar 
fashion.  The  present  minimum  dimensions  of  a unit  cell  are  2.9  inches 
in  length#  9.7  inches  in  width#  and  5.5  inches  in  height  Including 
supply  and  return  manifolds.  A cell  stack  contains  anywhere  from  20  to 
40  cells  depending  on  the  power  and  packaging  requirements.  Therefore 
the  minimum  stack  dimensions  are  height  5.5”,  width  9.7” # and  length 
2.9"  x number  of  cells. 
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The  Min  battery  components  ara  tha  stacks,  sump,  and  store.  From  an 
oparatlonal  standpoint  thaaa  components  can  be  packaged  anywhere  in  the 
vehicle  that  is  practicable.  The  only  special  consideration  as  to  their 
relative  placement  is  weight  distribution  in  the  vehicle. 


CONCLUSIONS 


The  results  of  this  assessment  indicate  that  zinc-chloride  batteries  can 
provide  a cost-effective  power  source  (^70  $/kWh)  for  electric  vehicles 
which  have  a power-to-energy  ratio  of  approximately  one.  Although  life- 
cycle  costs  are  not  specifically  addressed  in  the  report  guidelines, 
they  will  be  very  low  for  zinc-chloride  batteries  because  of  the  low 
capital  cost,  low-maintenance,  and  long-life  features  of  this  system. 

With  regards  to  efficiency,  zinc-chloride  batteries  will  operate  with 
round-trip  efficiencies  in  the  range  of  50-601  depending  upon  the  duty 
cycle.  The  projected  efficiency  for  the  duty  cycle  specified  in  the 
guidelines  is  481.  This  cycle  is  unduly  severe  on  flow-type  batteries 
— due  to  the  large  number  of  active  stands  involved  — and  does  not 
appear  to  be  representative  of  an  urban  driving  cycle.  The  projected 
overall  efficiency  for  the  same  battery  on  a simple  charge/discharge  (at 
the  C/4  rate)  cycle  is  approximately  60%.  These  two  types  of  duty 
cycles  establish  the  extremes  and  operating  efficiencies  on  typical  driv- 
ing cycles  will  likely  be  in  the  range  of  53-57%. 

In  the  areas  of  specific  energy  and  specific  power,  zinc-chloride  bat- 
teries with  power-to-energy  ratios  of  approximately  one  will  offer  val- 
ues of  at  least  100  Wh/kg  and  100  W/kg,  respectively.  It  seems  very 
logical  that  users  of  this  type  of  battery,  where  energy  can  be  added 
for  a minimum  penalty  — only  10  lb/kNh  added  weight  and  only  10  $/kWh 
added  selling  price  — , will  choose  the  full  energy  capability.  The 
extra  energy  can  be  used  for  creature  conveniences  and/or  eliminate  the 
need  to  recharge  a route-type  vehicle  on  a daily  basis. 
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IRON-AIR  BATTERY  DESIGN  ANALYSIS 
FOR  THE  JET  PROPULSION  LABORATORY 

by 

D.  Zuckerbrod  and  E.  S.  Buzzclli 


Abstract 

The  iron-air  battery  system  was  modeled  mathentJically  to  predict 
performance,  peak  power,  cost  and  the  size  of  batteries  designed  for  various 
specific  electric  vehicle  missions.  Near  term  (late  1080’s)  and  advanced 
technology  (early  1990’s)  performance  cases  were  considered  for  commuter, 
hybrid,  van  and  full  performance  type  electric  vehicles.  Technical  support  was 
given  for  projections  and  consideration  was  given  to  known  system  losses. 
Boundary  conditions  were  given  for  battery  performance  indicating  design 
flexibility.  The  results  of  this  modeling  effort  indicate  that  the  iron-air  couple 
could  meet  the  established  goals  for  each  mission  in  a low  cost  battery  system. 
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1.  Summary 

The  iron-air  battery  system  was  modeled  mathematically  to  obtain 
estimates  of  battery  performance,  cost,  weight  and  site  for  various  missions  using 
individual  electrode  performance  characteristics  based  on  available  data  and 
conservative  projections.  Mission  specifications,  given  in  terms  of  energy  and 
power,  and  their  respective  battery  characteristics  are  summarized  in  Tabic 
1*1  for  the  near  term  case  (late  1080's)  and  in  Table  1*3  for  the  advanced 
technology  case  (early  1990's).  Details  of  the  calculations  and  of  the  model  used 
to  calculate  the  derived  quantities  expressed  in  this  report  are  available  upon 
request.  They  were  not  included  as  they  were  beyond  the  scope  of  this  work. 


Table  1*1.  Summary  of  Near  Term  Battery  Characteristics. 


Mission 

Energy! 

Power1 

Sn.Ener  2 

£221 

Volume 

(kWh) 

(k\V) 

(Wb/kg) 

(W/kg) 

t) 

0) 

Commuter 

12 

25 

98 

203 

880 

102 

Hybrid 

15 

50 

72 

240 

1524 

208 

EVorVan 

25 

60 

90 

215 

1831 

279 

Full  Pert 

50 

50 

139 

139 

1744 

260 

Table  1*2.  Summary  of  Advanced  Technology  Battery  Characteristics. 

Mission  Enercv1 

Email 

So.Ener  2 

Pk  .Power* 

Cos! 

Volume 

(kWh) 

(kW) 

(Wh/kg) 

(W/kg) 

(•/bat.) 

0) 

Commuter  12 

25 

126 

262 

636 

81 

Hybrid  15 

50 

93 

309 

1031 

147 

EV  or  Van  25 

60 

116 

277 

1230 

187 

Full  Perf  50 

50 

181 

181 

1197 

204 

1.  requirement  defined  in  *Guidelines  for  Contractor  Response* 

8.  using  "Cycle  Sa  driving  cycle 

9.  from  100%  to  30%  SOC 


PRECEDING  CAGE  BLANK  NOT  BEMBD 
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The  results  of  the  modeling  effort  clearly  indicate  that  the  iron-air  battery  system 
could  meet  the  goals  for  each  mission.  Battery  cost,  weight  and  size  all  fall  within 
the  range  judged  necessary  for  an  electric  vehicle  propulsion  battery. 
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2 . Introduction 


The  iron*air  cell,  consisting  of  a porous  sintered  iron  electrode  coupled 
to  a carbon-based  bifunctional  air  electrode,  has  the  characteristics  necessary  for 
the  development  and  demonstration  of  a successful  battery  system  for  electric 
vehicle  propulsion.  The  cell  reaction  during  discharge  is  as  follows: 

Fe  + 2 OIF ►Fe(OH)2  + 2 e*  (anode) 

1/2  02  + H20  + 2 e*— — ^2  OIF  (cathode) 

Fe  + 1I20  + 1/2  02 ► Fc(OH)2  E°=1.283  V 

This  system  has  many  advantages  in  terms  of  battery  design  and 
commercial  applicability.  The  most  obvious  advantage  is  the  inexhaustability  and 
therefore  the  invariance  of  the  positive  electrode.  Oxygen  is  supplied  from 
ambient  air  (scrubbed  free  of  C02)  during  discharge  and  returned  to  it  during 
charge.  This,  in  part,  helps  to  maintain  the  flat  discharge  curve  (voltage  vs.  state 
of  charge)  exhibited  by  iron-air  cells.  The  air  electrode  can  neither  be 
overcharged  nor  overdischarged  with  respect  to  cathode  capacity  and  utilization 
thus  making  cell  balancing  unnecessary  and  simplifying  equalization.  The  power 
and  energy  of  a cell  can  be  varied  almost  independently  by  varying  the  area  of 
the  cell  (power)  and  the  thickness  of  the  iron  electrode  (energy).  This  allows  great 
design  flexibility  and  the  tailoring  of  the  battery  to  a specific  mission  requirement. 
This  design  flexibility  is  not  available  in  other  secondary  battery  systems. 

The  materials  used  in  iron-air  cells  arc  low  in  cost  and  are  available  in 
an  almost  inexhaustable  supply.  The  air  electrode  is  catalyzed  with  a low  loading 
of  silver  (1-2.5  mg/cm3)  This  low  level  of  peroxide  elimination  catalyst  represents 
only  a small  part  of  the  estimated  cost  of  the  electrodc(less  than  25%  Q $9/oz.). 

Finally,  electrode  life  in  excess  of  500  cycles  for  both  the  iron  and  r.ir 
electrodes  has  been  demonstrated  in  half-cell  tests.  Full-cells  have  been  tested 


with  lifetimes  in  excess  of  100  cycles  bat  these  do  not  reflect  state-of-the-art  air 
electrodes  which  have  since  been  improved  considerably. 

The  present  status  of  the  Iron-Air  Battery  Development  Program  is  as 

follows: 

• The  iron  electrode  has  met  the  near  term  goal  of  0.4  Ah/g  for  greater 
than  500  cycles. 

e The  air  electrode  is  undergoing  continued  development  and  has 
improved  in  performance  and  reproducibility.  Lifetime  in  excess  of  500 
cycles  has  been  demonstrated. 

• Iron-air  cell  testing  and  development  was  terminated  in  1080  at  the 
request  of  the  sponsor  in  order  to  focus  on  advancing  the  cycle  life 
characteristics  of  the  air  electrode. 

Estimates  of  near  term  cell  performance  used  in  this  study  were  based 
on  previous  cell  testing  with  the  results  adjusted  to  reflect  subsequent 
improvements  in  the  air  electrode. 


3.  The  Model 


The  goal  of  this  work  was  to  estimate  the  performance,  weight  and 
cost  of  an  iron-air  battery  for  electric  vehicle  propulsion.  Such  a battery,  with  the 
desirable  characteristics  reported  herein,  has  not  been  built.  A mathematical 
model  was  employed  to  generate  these  values  from  existing  half-cell  and  full-cell 
data.  Two  scenarios  were  considered,  a near  term  (late  1080’s)  case  and  an 
advanced  (early  1900’s)  case. 

3.1  Assumptions 

The  driving  cycle  assumed  for  battery  discharge  was  "Cycle  3", 
appended  at  the  end  of  the  "Guidelines  for  Contractor  Response."  Regenerative 
braking  was  disregarded  as  it  was  only  a small  factor  in  the  design  of  the  battery. 

Cell  polarization  curves  are  shown  in  Figure  3-1.  They  include 
resistive  losses  in  the  electrolyte.  For  the  purpose  of  the  model,  the  curves  wo.e 
considered  to  be  linear  and  a least  squares  fit  was  made  through  the  input 
polarization  data.  The  slope  and  intercept  so  obtained  were  used  to  calculate  the 
characteristics  of  the  battery.  Physical  assumptions  used  to  calculate  cell 
performance  are  given  in  Table  3-1.  The  low  estimate  for  auxilliary  weight  was 
derived  in  part  from  the  minimal  cell  casing  required.  The  major  faces  of  the  cell 
container  arc  the  air  electrodes,  whose  weight  is  included  as  the  electrode  itself. 

The  energy  requirements  for  parasitic  losses  were  defined  not  to 
exceed  5%  of  the  battery  energy  based  on  the  results  of  an  earlier  system  study*. 
The  power  penalty  for  this  steady  load  is  minimal  and  was  ignored.  The 
parasitica  need  not  operate  when  the  vehicle  is  shut  down.  The  system  consists  of 
a blower  for  cell  air,  an  electrolyte  circulation  pump,  a heat  exchanger,  a carbon 


B.  G.  Demciyk,  R.  E.  Grimble,  "Thermal  Management  of  the  Iron-Air  Battery  System,"  ECS 
Extended  Abstract »,  tl-t  (1981) 
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IRON -AIR  CELL  POLARIZATION  CURVES 

TERMINAL  VOLTAGE 

Near  Term  Advanced  _ Ultimate 

Performance  Performance  Performance 


Terminal  Voltage  (V) 


Figure  3*1.  Iron-Air  Cell  Polarization  Carve. 

dioxide  scrubber,  and  a packed-bed  humidifier-dehumidifler.  The  coat  estimate  of 
$200  used  for  peripherals,  shown  in  Table  3*2  with  the  iron  and  air  electrode  cost 
assumptions,  appears  reasonable  at  this  stage  of  development  of  the  iron-air 
battery  system.  Further  development  of  real  systems  in  a future  hardware 
development  program  will  provide  more  realistic  costs  for  the  peripherals. 
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Table  8-1.  Physical  Assumptions  for  the  Battery  Model. 


Parameter 

Near  Term 

Advanced 

Air  Electrode  Density 

1.14 

1.14 

g/cm3 

Air  Gap 

0.1 

0.1 

cm 

Air  Electrode  Weight 

0.2 

0.1S 

g/cm2 

Iron  Electrode  Density 

1.68 

1.68 

g/cm3 

Iron  Electrode  Capacity 

0.4 

0.5 

Ah/g 

Electrolyte  Density 

1.23 

1.23 

g/cm3 

Electrolyte  Conductivity 

0.48 

0.48 

ohm^cm'1 

Electrolyte  Gap 

0.1 

0.1 

cm 

Theoretical  Potential 

1.283 

1.283 

V 

Charging  Potential 

1.33 

1.5 

V 

Current  Efficiency  (charge) 

00 

05 

% 

AuxilUscy  Weight 

10 

10 

% 

Auxilliary  Volume 

IS 

15 

% 

Parasitics 

S 

5 

% Energy 

Component 

Table  3-2.  Cost  Assumptions. 

Near  Term 

Advanced 

Iron  Electrode 

$2.00 

2.00 

*/kg 

Air  Electrode 

30.00 

20.00 

*/m2 

Peripherals 

200.00 

200.00 

3.2  Calculations 

The  calculation  of  battery  performance,  weight  and  cost  consisted  of 

five  parts: 

1.  Determination  of  the  slope  and  intercept  of  a least  squares  fit  of  the  cell 
polarization  curve  and  calculation  of  peak  power  per  unit  area 

2.  Sizing  the  cell  area  to  meet  peak  power  requirements 

3.  Sizing  the  iron  electrode  thickness  to  meet  energy  requirements  (range 
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to  0%  SOC  with  some  performance  degradation  expected  from  20%  to 
0%SOC) 

4.  Iteration  to  converge  at  the  desired  energy  with  the  driving  cycle 
specified  in  W/kg  of  battery 

5.  Calculation  of  desired  parameters  using  the  battery  designed  in  Step  4 

The  battery  energy  was  increased  to  account  for  parasitic  losses.  Auxilliary 
volume  and  weight  were  factored  in  as  part  of  Step  4.  The  calculations  were 
performed  using  a "spreadsheet*  program  for  a desktop  computer. 
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4.  Results  and  Discussion 


4.1  Performance  Modeling 

The  results  of  the  performance  modeling  calculations  are  given  in 
Table  4-1  for  the  near  term  battery  performance  and  in  Table  4-2  for  the 
advanced  performance  using  the  assumptions  given  in  Table  3-1. 


Table  4-1.  Near  Term  Battery  Performance. 

Specific  Energy  (Wh/kg)  versus  Discharge  Rate  (Specific  Power) 


Bat.Dcsien 

20W/KK 

60W/kr 

SOW/ke 

lOOW/kt 

200W/ke 

Commuter 

104 

08 

05 

02 

60 

Hybrid 

77 

73 

71 

60 

55 

EV  or  Van 

06 

01 

88 

85 

62 

Full  Perf. 

151 

137 

120 

120 

* 

* exceeds  peak  power 


Table  4-2.  Advanced  Battery  Performance. 

Specific  Energy  (Wh/kg)  versus  Discharge  Rate  (Specific  Power) 


Bat.Desien 

20W/ke 

60W/ke 

80W/kg 

IO0W/kr 

200\V/ke 

Commuter 

134 

128 

125 

122 

101 

Hybrid 

08 

04 

03 

01 

80 

EV  or  Van 

123 

118 

115 

113 

05 

Full  Perf. 

105 

182 

175 

167 

« 

* exceeds  peak  power 


The  fiat  discharge  curve  (potential  vs.  state  of  charge)  for  iron 
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electrodes  end  the  inveriance  of  the  eir  electrodes  indicate  constant  peak  power 
independent  of  state  of  charge  down  to  20%  SOC.  After  this,  performance  would 
be  ex  nee  ted  to  degrade  and  polarisation  data  to  become  erratic  due  to  the 
characteristics  of  the  iron  electrodes  and  expected  spread  in  the  electrode 
capacities.  The  resistance  of  the  iron  electrode  is  essentially  constant  for  the 
Fe(OH)2  reaction,  and  as  a result,  the  power  characteristics  for  the  cell/battcry 
are  constant  during  a discharge.  This  is  unique  to  the  iron-air  system  as 
compared  to  other  secondary  systems  where  impedance  increases  with  depth  of 
discharge.  Peak  power,  which  is  constant  from  100%  to  20%  SOC  is  given  for 
the  near  term  and  advanced  batteries  in  Table  4-3. 


Table  4-3.  Specific  Peak  Power  (W/kg  from  100%  to  20%  SOC). 


Batterv  Desien 

Near  Term 

Advanced 

Commuter 

203 

262 

Hybrid 

240 

300 

EVorVan 

215 

277 

Full  Performance 

130 

181 

4.2  Cost  Projections 

Using  the  assumptions  shown  in  Table  3-2  and  the  iron  weight  and  air 
electrode  area  requirements  calculated  by  the  model,  the  battery  costs  are 
projected  in  Table  4-4. 


Battery  Design 
Commuter 
Hybrid 
EVorVan 
Full  Performance 


Table  4-4.  Battery  Cost  Projections. 

Near  Term 
$880 
1524 
1831 
1744 


Advanced 

038 

1031 

1230 

1107 


It  must  be  noted  that  at  the  present  stage  of  cell  development,  a detailed  cost 
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study  may  not  be  meaningful.  The  assumed  values  appear  to  be  reasonable  in 
light  of  materials  cost  and  the  cost  of  related  processes  used  in  other 
Westinghouse  products.  A justification  of  the  costs,  is  based  on  a 1080 
manufacturing  coat  estimate  completed  at  the  request  of  Lawrence  Livermore 
National  Labs.  The  present  electrodes  may,  in  fact,  provide  a cost  reduction  to 
the  1080  estimate  of  $40/kWh. 

4.3  Technical  Support  for  Projections 

Technical  support  for  the  projections  made  in  this  report  b given  in 

Table  4-5. 

4.4  Energy  Balance 

The  iron-air  battery  b an  ambient  temperature  and  pressure  device. 
Therefore,  start-up  and  shut-down  losses  ore  not  encountered  as  they  would  be  in 
high  temperature  fuel  celb,  molten  salt  or  metal-halogen  systems.  Waste  heat 
upon  use  will  be  sufficient  to  worm  the  battery  to  its  operating  temperature 
(35-45°C).  Similarly,  thermal  loss  b not  seen  as  a problem. 

The  self  dbcharge  of  iron-air  celb  has  r.ever  been  studied  in  detail  at 
Westinghouse.  However,  it  b felt  that  thb  b not  a major  problem.  The  air 
electrode  can  not  self  discharge  in  the  usual  sense  (by  evolving  02  os  nickel 
electrodes  do).  While  mono-functional  air  electrodes  tend  to  foil  rapidly  at  open- 
circuit  conditions  due  to  carbon  and  catalyst  oxidation  (another  sort  of  self 
dbcharge),  the  Westinghouse  air  electrode  b fully  bi-functional  and  thus  b 
engineered  to  withstand  the  high  potentiab  associated  with  oxygen  evolution. 
The  lower  potentiab  associated  with  open  circuit  conditions  do  not  appreciably 
damage  the  electrode.  The  iron  electrode,  however,  may  self  dbcharge  by 
evolving  hydrogen.  Thb  can  be  controlled  by  minimising  impurities  in  the  iron 
and  the  electrolyte  to  minimise  the  number  of  low  overvoltage  sites  for  hydrogen 
evolution.  It  b estimated,  baaed  on  half  cell  test  results,  that  the  self  discharge 
occurs  at  the  rate  of  about  \%  of  the  battery  capacity  (iron  electrode  capacity) 
per  day,  but  Itare  b no  firm  evidence  here  other  than  the  half-cell  observation. 
Shunt  currents  can  not  be  estimated  at  thb  stage  of  battery  developm  .,  os 
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Table  4-6.  Technical  Sapport  for  Projections. 
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experience  with  other  than  single  cells  b extremely  limited.  Development  of  the 
full  battery  will  surely  attempt  to  minimize  these  shunt  current  losses. 

Peripherals  giving  rise  to  parasitic  losses  during  battery  operation  are 
an  electrolyte  pump,  an  air  blower,  and  a packed-bed  humidifier-dehumidifier. 
These  need  only  operate  when  the  vehicle  b operating  and  perhaps  shortly 
thereafter  to  avoid  high  temperatures  after  shut-down.  A detailed  thermal  study 
of  the  iron-air  battery  system  (1080)  indicated  that  parasitic  losses  would  not 
exceed  5%  of  the  total  battery  energy  for  a nominal  20-40  kWh  battery  system. 

The  energy  efficiency  of  the  iron-air  battery  was  resolved  into  the 
charge  efficiency  mid  discharge  efficiency  vith  the  product  of  the  two  being  the 
overall  energy  efficiency  of  the  battery.  The  charge  efficiency  assumed  a charge 
potential  independent  of  rate  because  the  rate  will  vary  only  slightly  for  an  over- 
night charge.  The  discharge  efficiency  assumed  the  driving  cycle  used  for  the 
performance  modeling.  Regenerative  braking  was  ignored  as  only  an  incrimental 
benefit,  but  can  be  accepted  by  the  battery. 

The  energy  balance  information  b summarized  in  Table  4-0. 


Table  4-6. 

Estimates  of  In-Use  Energy  Comsuption. 

Parameter 

1 

2 

§&&£&*£ 

3 4 

5 

Self  Discharge* 

m 

20W 

20W 

Parasitica 

1000W 

• 

1000W  - 

100W 

Energy  Efficiency 

05(68)% 

• 

05(68)%  - 

70(81)% 

Segments 

1.  Morning  driving  cycle 

2.  Mid-day  stand 

2.  Afternoon  driving  cycle 

4.  Evening  stand 

5.  Overnight  recharge 

‘Energy  Consumption:  Power,  continuous  over  segment 
Energy  Efficiency:  Near  term  (Advanced  Technology )% 
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4.5  Life  Considerations 

Iron  electrodes  and  sir  electrodes  hive  demonstrated  lives  of  over  S00 
cycles  in  half  cell  tests.  Actual  iron  electrodes  have  exceeded  well  over  1000 
cycles  with  a somewhat  different  structure  and  lower  electrode  utilization.  Full 
cells  have  demonstrated  life  of  over  100  cycles  with  older,  less  stable  air  electrodes 
(pre  1080).  The  life  limiting  mechanism  for  air  electrodes  is  the  loss  of  structural 
integrity  and  hydrophobicity  due  io  the  corrosion  of  carbon  and  attack  of  the 
Teflon  binder.  This,  in  turn,  limits  the  life  of  the  cell.  Cell  life  b not  sensitive  to 
depth  of  dbcharge  (at  least  down  to  0%  SOC  and  perhaps  further).  Life  test  data 
does  not  exist  for  modules  and  batteries. 

The  life  for  an  iron-air  battery  b presently  projected  to  be  greater 
than  500  cycles.  No  relationship  between  the  ratio  of  power  to  energy  and  cycle 
life  b forseen  for  a properly  designed  cell,  but  once  again,  no  experimental 
evidence  exbts  in  the  cell  engineering  area.  An  ongoing  air  electrode  research 
program  b aimed  at  improved  air  electrode  performance,  uniformity, 
reproducibility  and  life.  To  d£«ef  improvements  in  both  the  air  electrode 
structure  and  catalysb  have  involved  either  no  change  or  a significant  reduction 
in  cost  compared  with  earlier,  less  successful  designs. 

The  performance  of  the  air  electrode  remains  constant  for  several 
hundred  cycles  after  break-in  (a  few  cycles).  The  performance  then  begins  to 
decay  linearly  for  perhaps  another  hundred  cycles.  At  the  end  of  life,  the 
electrode  may  fail  through  gross  leakage  of  electrolyte  (case  rupture)  or  flooding, 
whereupon  oxygen  reduction  b not  supported  and  hydrogen  evolution  occurs  if 
the  cell  b driven.  After  the  intial  cycle,  the  iron  electrode  performance  b 
essentially  unchanging  for  many  hundreds  of  cycles  given  chemically  clean 
operating  conditions  (no  C02  or  low  H2  overvoltage  impurities).  So  degradation 
of  power,  energy  and  efficiency  follows  the  decay  of  the  air  electrode  performance. 
No  estimate  of  the  reliability  of  a battery  module  (S  celb  in  parallel)  b available 
at  thb  time  as  experimental  data  b not  available.  It  would  be  expected  that  the 
iron  electrode  could  be  manufactured  to  within  ±t-3%  of  design  capacity.  The 
air  electrode  would  probably  be  mV. 
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4.6  Other  Operational  Characteristics 

It  is  impossible  to  overcharge  or  overdischarge  the  sir  electrode.  As 
long  u electrolyte  sad  sir  are  available,  the  electrode  is  invariant.  Iron  electrodes 
are  not  damaged  by  overcharging.  This  is  well  known  for  iron-nickel  batteries, 
which  require  overcharging  for  proper  operation.  Overdischarging  will  take  the 
iron  electrode  to  a "second  plateau"  where  the  Fe+2  is  oxidized  to  Fe+3.  Thus 
the  battery  can  be  considered  to  have  some  emergency  capacity  if  it  were  needed, 
albeit  at  very  low  power  densities.  Iron  electrodes  have  been  driven  to  oxygen 
evolution  and  then  recharged  with  no  apparent  ill  effects.  Hence,  the  system  is 
extremely  tolerant  to  severe  ab’tse  in  the  form  of  extended  overcharge  and  deep 
discharge  well  past  the  point  of  reversal,  with  no  deleterious  effects  on 
performance  or  life.  Individual  cell  balancing  is  never  required  in  the  iron-air 
battery  due  to  the  invariant  air  electrode.  The  cells  are  always  in  balance  by 
definition.  Periodic  complete  discharge  is  not  required  for  proper  cell  operation. 
The  battery  is  self-equalizing  during  charging  as  slight  overcharging  is  normal  and 
causes  no  damage  while  continuing  to  charge  the  cells  of  greater  capacity. 

Some  regular  maintenance  is  required  for  proper  battery  operation. 
Make-up  water  must  be  added  to  replace  that  lost  to  evaporation  and  electrolysis. 
The  carbon  dioxide  scrubber  will  need  its  medium  changed  periodically  and  the 
electrolyte  will  also  have  to  be  changed  at  some  relatively  infrequent  interval.  Air 
and  electrolyte  filters  will  require  cleaning  and/or  replacement  and  electrical 
connections  may  have  to  be  inspected  and  cleaned.  No  estimate  can  be  given  for 
the  frequency  of  these  tasks  as  battery  development  has  not  yet  reached  a stage 
where  estimates  would  be  meaningful 

The  low  cost  nature  of  the  iron-air  system  will  probably  make  battery 
refurbishment  unnecessary  with  the  exception  of  the  replacement  of  a prematurely 
failed  module. 

4.7  Packaging  Flexibility 

Table  4-7  shows  volumes  predicted  for  various  battery  designs  by  the 
model.  The  values  include  a 15%  volume  penalty  for  auxilliary  systems.  The  size 
and  shape  of  the  iron-air  battery  appears  to  be  very  flexible.  The  constraints,  at 


Table  4-7*  Predicted  Battery  Volume. 


Battery  Design  Near  Term 

- Commuter  102 

Hybrid  18$ 

EVorVan  238 

Full  Performance  200 


Advanced 
81  liters 
147 
187 
204 


this  point  in  time,  ere  that  edge  current  collection  is  required  by  the  system  and 
air  must  be  supplied  to  the  air  electrodes.  A change  in  electrode  shape  would 
require  redesign  of  the  current  collector  with  a possible  weight  penalty  for  an 
unfavorable  shape.  Both  horizontal  aod  vertical  cell  designs  are  being  considered. 
Subsystems  arc  required  to  handle  air  flow  and  electrolyte  circulation.  While 
placement  of  subsystems  at  a location  remote  from  the  battery  will  increase 
system  complexity  and  weight  and  volume  penalties,  ducts  and  tubing  can  be 
designed  as  needed  for  spatial  considerations. 

While  iron-air  cells  show  no  special  scaling  problems,  the  peripherals 
may  have  minimum  sizes  and  weights  adding  a penalty  to  the  low  end  of  the 
10-50  kWh  range.  Design  of  the  auxiliaries  will  be  performed  as  the  iron-air 
development  program  proceeds  toward  a prototype  system  demonstration 
objective. 
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Conclusion 


The  iron-air  battery  system  using  the  Westinghouse  bi-functional  air 
electrode,  offers  performance  adequate  for  the  specified  electric  vehicle  propulsion 
missions  proposed  in  this  study.  The  flexibility  offered  by  the  invariant  air 
electrode  allows  battery  power  and  energy  to  be  tailored  to  a specific  task  or 
vehicle  mission  need.  The  batteries  are  fabricated  from  inexpensive  materials  in 
abundant  supply  .resulting  in  a low  cost  battery  system  ($20-40  $/kWh).  No 
special  problems  are  expected  due  to  start-up,  shut-down  or  maintenance 
procedures  and  there  are  no  inherent  safety  problems  related  to  this  particular 
system.  Boundary  conditions  for  iron-air  battery  performance,  derived  from  the 
model  used,  are  given  in  Figure  5-1.  Estimates  of  the  performance  of  peripheral 
systems  include  considerable  uncertainty  due  to  a lack  of  experimental  data. 
Further  research  and  development  effort  is  required  on  the  iron-air  system  to 
provide  performance  and  life  data  which  can  be  used  to  evaluate  and  compare 
this  system  to  other  candidates  for  the  various  EV  missions.  With  respect  to  the 
three  important  battery  criteria  established  by  possible  vehicle  manufacturers, 
safety,  reliability,  and  life,  the  Iron-Air  system  is  a strong  contender  for  use  in 
vehicles  in  the  1960’s. 


m******** 


APPENDIX  F 

PERFORMANCE/ COST  PROJECTIONS 
FOR  LITHIUM/ IRON  SULFIDE  BATTERIES 


F-l 


mi— » 


imwtuni 


PERFORMANCE/ COST  PROJECTIONS 
FOR  LITHIUM/IRON  SULFIDE  BATTERIES 


A.  A.  Chllenskas  and  H.  Shlmotake 
Argonne  National  Laboratory 
Argonne,  Illinois  60439 


February  1984 


I;  receding  page  blank  not  filmed 


F-3 


PACE  h ' rENTlON  ALLY  BLAN* 


TABLE  OF  CONTENTS 


Page 

I.  INTRODUCTION 1 

II.  PERFORMANCE  MODELING 4 

III.  COST  PROJECTIONS 6 

IV.  TECHNICAL  SUPPORT  FOR  PROJECTIONS  ...  6 

V.  ENERGY  BALANCE 8 

VI.  LIFE  CONSIDERATIONS  

A.  Cycle  Life 11 

B.  Life  Effects 11 

VII . OTHER  OPERATIONAL  CHARACTERISTICS 

A.  Special  Charge  Requirements 12 

B.  Maintenance  Requirements  13 

VIII.  PACKAGING  FLEXIBILITY  

A.  Volumetric  Considerations  14 

B.  Size  Limitations.  14 

C.  Special  Considerations 15 

D.  Scale  Effects 15 

Acknowledgement  16 

References 16 

Appendices 

A.  Prismatic  Battery  Performance  Projections. 17 

B.  Bipolar  Battery  Performance  Projections  . 21 

C.  Battery  Manufacturing  Cost  Projections 29 

D.  Life  Considerations  37 

PRECEDING  PAGE  BLANK  NOT  FILMED 


F-5 


...intentionally  BLANK. 


LIST  OF  TABLES 


Wo.  Title  Page 

1 Ongoing  Programs  In  LI-alloy/MS  Battery  Development  ......  3 

2 * Specific  Energy 5 

3 Peak  Power 5 

4 Projected  Costs  6 

5 Energy  Consumption 10 

6 Estimates  of  In-Use  Energy  Consumption 10 

A-l  Specific  Energy  with  Constant  Power  Discharge  17 

A-2  Specific  Energy 18 

B-l  Cell  Design  Parameters 28 

B-2  Cell  Dimensions 28 

C-l  Market  Price  of  Materials  (1983) 30 

C-2  Feedstock/Market  Price  Comparison  30 

C-3  Feedstock  Cost  for  a High-Power  Battery . 31 

C-4  Production  Costs  of  LI2S  + LIBr-Contalnlng  Electrolyte.  . . 32 

C-5  Non-Lithium- Containing  Materials 33 

C-6  Feedstock  Cost  for  producing  LI2S  and  L1C1 . .33 

C-7  Production  Cost  of  LI2S  and  LI  Cl  from  Feedstock 34 

C-8  OEM  Selling  Price  35 

D-l  Suninary  of  LI/FeS  Cell  Performance  Tests 38 

D-2  Module  Tests 41 

D-3  Battery  Maintenance  Cost  for  an  Electric  Automobile 47 


F-6 


LIST  OF  FIGURES 


No.  Title  Page 

1 Theoretical  Specific  Energies  of  Selected  Battery  Systems  . . 2 

2 * Energy  Balance  for  JPL/FUD  Cycle 9 

A-l  Specific  Energy  of  Prismatic  LI-Al/FeS  Batteries 19 

A-2  Peak  Power  of  Prismatic  LI-AI/FeS  Batteries  20 

B-l  Computer  Flow  Chart  for  Specific  Energy 21 

B-2  Computer  Flow  Chart  for  Peak  Power.  .....  21 

B-3  Specific  Energy  as  a Function  of  Constant  Power  Discharge  . . 26 

B-4  Specific  Power  (30-sec)  as  a Function  of  State-of-Charge.  . . 27 

D-l  Cycle  Life  of  MERADCOM  Cells 39 

D-2  Typical  Voltage  of  Short-Circuited  Cells 43 

D-3  Failure  Rate  for  Cells  with  MTTF  of  1500  Cycles 45 

D-4  Effect  of  Cell  Replacement  on  Battery  Life  ...  46 


F-7 


wm&mm m,,  iii,.!,, 


1.  INTRODUCTION 

Research  on  the  llthlum/molten  salt  electrolyte  system  at  ANL  and 
several  Industrial  developers  has  given  rise  to  a family  of  electrodes 
containing  lithium  In  the  negative  electrode  and  sulfur  In  the  positive 
electrode.  The  electrode  couple  that  has  received  the  most  attention  has 
been  LI-AI/FeS  with  Its  development  carried  well  beyond  the  laboratory 
stage.  Based  upon  the  JPL  study  guideline  of  choosing  technology  that  could 
be  demonstrated  In  prototype  form  In  the  1990-1992  era,  the  LI-AI/FeS 
technology  rather  than  the  potentially  more  energetic  L1-S1/FeS2  technology 
has  been  chosen  as  a basis  for  the  performance  and  cost  projections. 

The  position  the  LI-AI/FeS  couple  holds  In  relation  to  other  battery 
couples  In  terms  of  theoretical  specific  energy  Is  shown  In  Fig.  1.  As  can 
be  calculated  from  the  values  given,  LI-AI/FeS  has  greater  than  2 1/2  times  the 
theoretical  specific  energy  of  Pb/Pb02>  The  most  energetic  couple  in  the 
llthlum/molten  salt  family  Is  Ll/S  and  has  about  15  times  the  theoretical 
specific  energy  of  Pb/Pb02  and  about  3 1/2  times  that  of  the  Na/S  couple 
currently  under  development. 

Research  and  development  work  on  the  llthlum/molten  salt  system  Is 
worldwide.  A brief  summary  of  ongoing  work  Is  presented  In  Table  1. 
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II.  PERFORMANCE  MODELING 

Two  types  of  battery  designs  were  evaluated  for  this  stuty.  The 
prismatic  design,  presently  under  development  at  ANL  and  Gould  for  the  EPRI 

van  battery  program,  has  excellent  prospects  for  meeting  the  requirements 

* 

for  the  commuter  car  and  the  3/4-ton  van  with  Improved  state-of-the-art 
LI-Al/FeS  technology.  The  bipolar  design,  being  tested  at  Gould,  has  the 
potential  for  significant  performance  Improvement  over  the  prismatic  design 
especially  In  terms  of  power  density  as  required  by  the  hybrid  vehicle  and 
high  energy  density  as  required  by  the  long-range  full  performance  automobile. 

The  specific  energy  and  peak  power  projections  for  four  classes  of  batteries 
are  given  In  Tables  2 and  3.  A prismatic  design  using  LI-Al/FeS  with  a MgO 
separator  and  L1C1-KC1  electrolyte  was  chosen  for  the  class  2 battery 
because  (1)  the  requirements  for  the  commuter  car  and  van  can  be  met  with 
modest  Improvements  In  the  existing  technology  and  (2)  LI-Al/FeS  with  a MgO 
separator  Is  the  system  with  the  lowest  manufacturing  cost. 

The  bipolar  battery  was  chosen  for  the  full -performance  automobile  and 
the  hybrid  vehicle.  The  main  distinction  between  the  class  3 and  class  4 
bipolar  batteries  Is  In  the  use  of  an  all  lithium  electrolyte  (LIBr-LICl-LIF) 

In  place  of  L1C1-KC1  to  Improve  the  power  performance  of  the  hybrid  battery. 

L1-S1  1$  added  to  the  L1-A1  alloy  In  the  negative  electrode  to  provide  an 
Increase  In  the  specific  energy. 

A discussion  of  the  methodology  used  In  projecting  th*  performance  of  the 
prismatic  batteries  Is  given  In  Appendix  A. 

A discussion  of  the  methodology  used  to  project  the  performance  of  a 
bipolar  LI-Al/FeS  battery  Is  given  In  Appendix  B. 


Table  2.  Specific  Energy,  Wh/kg 


Class 

Battery 

Designation 

Battery 

Design 

3T* 

Discharge  Rate  (M/kg) 

— w — &)  — W — 

— m 

l 

Present 

Prismatic 

63 

50 

43 

35 

0 

2 

Commuter 
3/4  ton  van 

Prismatic 

87 

75 

67 

60 

5 

3 

Full- 

Perforaance 

Bipolar 

136 

115 

103 

90 

30 

4 

Hybrid 

Bipolar 

136 

115 

103 

90 

30 

Table  3.  Peak  Power,  M/kg  (30- second) 


Class 

Battery 

Designation 

Battery 

Design 

State  of  Charge 
505  10* — 

— 10* 

1 

Present 

Prismatic 

150 

130 

100 

50 

2 

Commuter  car 
3/4  ton  van 

Prismatic 

190 

170 

140 

90 

3 

Full- 

Performance 

Bipolar 

242 

187 

146 

114 

4 

Hybrid* 

Bipolar 

278 

215 

168 

131 

•A  15%  power  Increase  over  the  full -performance  bipolar  battery  Is  assumed 
due  to  the  use  of  the  all  lithium  electrolyte. 
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III.  COST  PROJECTIONS 

The  projected  OEM  price  for  LI-Al/FeS  batteries  for  the  commuter  car. 
3/4-ton  van*  full-performance  automobile  and  the  hybrid  vehicle  Is  given  In 
Table  4. 

The  basis  for  the  cost  projections  Is  given  In  Appendix  C. 

IV.  TECHNICAL  SUPPORT  FOR  PROJECTIONS 

The  principle  departures  from  existing  technology  used  In  making  the 
performance  and  cost  projections  were: 

(1)  The  use  of  a bipolar  design  for  the  full -performance  and  hybrid 
vehicle  battery  as  a more  appropriate  for  the  high-power  and  high-energy 
outputs  that  are  desired.  The  feasibility  of  the  bipolar  design  hinges  to  a 
large  extent  upon  the  development  of  an  adequate  peripheral  seal.  Bipolar 
cells  have  been  built  and  tested  at  the  British  Admiralty,  ANL,  Gould,  and 
Eagle-PIcher.  The  starved-electrolyte  concept  being  developed  at  Gould 
lends  Itself  to  bipolar  designs  by  Immobilizing  the  electrolyte  to  a signifi- 
cant degree.  Various  concepts  for  seals  have  been  proposed  that  appear  to 
have  the  potential  for  a successful  seal.  Tests  of  bipolar  stacks  at  Gould 
have  shown  very  promising  early  results. 

(2)  The  production  of  all  lithium-containing  compounds  from  a 

feedstock  of  H2CO3  Is  proposed  as  a method  of  reducing  the  manufacturing  cost  of 
llthlum-alloy/lron  sulfide  batteries.  This  procedure  requires  the  fabrication 
of  cells  In  the  discharged  state,  l.e.,  with  H2S  as  the  electrochemlcally 
active  material  In  the  positive  electrode.  Uncharged  cells  using  a mixture 
LI2S  and  Iron  powder  In  the  positive  electrode  have  been  tested  with  good 
results  at  ANL. ID  The  performance  of  the  cells  were  about  the  same  as  for 


Table  4.  Projected  Costs 


cells  built  In  the  charged  state.  Precautions  need  to  be  taken  In  uncharged  cell 
fabrication  because  of  the  sensitivity  of  Ll£S  to  the  moisture  content  In 
the  atmosphere.  Also,  work  at  ANL  showed  that  charging  the  cell  must  commence 
as  soon  as  the  electrolyte  Is  molten  to  maximize  cell  lifetime.  Considerable 
work  remains  In  developing  the  uncharged  cell  fabrication  technology  to  the 
present  level  of  charged  cell  construction.  Based  upon  the  experience  with 
uncharged  cell  fabrication  at  ANL,  the  prospects  for  the  successful  development 
of  this  approach  for  post  1990  vehicle  batteries  appears  good. 

V.  ENERGY  BALANCE 

An  energy  balance  for  vehicle  operating  on  the  JPL  modified  FUD  cycle 
was  developed  based  upon  the  data  supplied  by  JPL  and  assumptions  given  below. 


Basl s: 


(1)  Battery  Weight  * 488  kg 

(2)  Vehicle  Test  Weight  * 1660  kg 

(3)  Ave  Speed  for  Cycle  3 - 19.6  mph 

(4)  Time  for  Cycle  3 * 463/3600  * 0.121  h 

(5)  Cycle  3 Distance  « 19.6  x .121  * 2.37  mile 

(6)  Distance/Day  * 12  x 2.37  ■ 28.4  mile 

(7)  Battery  Heat  Loss  at  Operating  Temp.  * 150  W 


A diagram  showing  the  energy  Input/output  for  each  major  component  that  occurs 
during  the  performance  of  cycle  3 Is  given  In  Fig.  2. 


F-16 


Fig.  2.  Energy  Balance  for  JPl/FUD  Cycle. 
Basis 

Cycle  Segment  • Cycle  3 

Time/cycle  0.121  h (463  sec) 

Distance/cycle  2.37  mile 

Charger  Efficiency  85i  (DC  out/AC  In) 

Battery  Efficiency  701  (DC  out/DC  in) 

Battery  Weight  488  kg 

Vehicle  Test  Weight  1660  kg 


A suninary  of  energy  consumption  and  selected  energy  performance 


coefficients  Is  given  In  Table  5. 


Table  5.  Energy  Consumption 


Battery  Heat  Loss/24  h»150Wx24«  3600  Wh 
12r  heating/24  h * 262  Wh  x 12  cycles  « 3144  Uh 
Energy  Required  to  Maintain  Temperature  • 456  Wh 
AC  energy  required  ■ 949  Wh/2.37  mile  * 400  Wh/mlle 
Battery  DC  Output  * 612  Wh/2.37  mile  » 258  Wh/mlle 
Vehicle  Efficiency  » 258/1.66  tonnes  « 155  Wh/tonne  mile 
Overall  Energy  Efficiency  * 258/400  * 0.65 


The  estimates  of  In-Use  Energy  Consumption  Is  given  In  Table  6. 


Table 

Parameters 

Start-up  and 
shut-down 

Sel f-Dlscharge 

Shunt  Current 

Parasltlcs 

Thermal  Loss 

Charge  Eff. 

(DC  Out/OC  In) 


6.  Estimates  of  In-Use  Energy  Consumption 

Segments 

1"  2' 3 4 5 

None  required;  battery  kept  at  constant  temperature 
Negligible;  Ah  efficiency  98-99+% 

None 

None 

0 24  Wh  0 14  Wh  0 

70% 
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VI.  LIFE  CONSIDERATIONS 
A.  Cycle  life 


Engineering- sized  cells  are  currently  achieving  from  500  to  >1000 
cycles  with  prospects  for  achieving  1500  cycles  KTTF  In  the  next  few  years 
consrtdered  very  good. 

Nodules  of  5 to  10  cells  have  been  tested  with  the  lifetimes  obtained 
generally  following  that  expected  from  the  life  time  obtained  In  single  cell 
tests.  (?)  One  module  failed  after  only  a few  cycles  when  defects  In  one  or  more 
cells  allowed  electrolyte  leakage. 

The  present  status  and  projected  cycle  life  of  cells,  modules,  and 
batteries  Is  discussed  In  Appendix  D. 

As  discussed  In  the  Appendix,  a battery  comprised  of  cells  having  a MTTF 
of  1500  cycles  with  a failure  distribution  characterized  by  a Welbull  slope  of 
5 would  achieve  1000  cycles  with  a replacement  of  5 cells. 

B.  life  Effects 

The  effect  of  cycle  life  on  specific  energy  has  already  been  noted 
(Table  1,  Appendix  0).  Capacity  loss  of  cells  has  been  progressively  reduced 
from  about  81/100  cycles  to  present  values  of  about  21/100  cycles. 

The  resistance  of  the  cells  do  not  appear  to  change  significantly 
with  cycle  life,  hence  the  specific  power  Is  expected  to  be  unchanged  with 
battery  life. 

The  coulomblc  efficiency  of  new  cells  range  between  98-99*1  with 
only  slight  decreases  In  coulomblc  efficiency  occurlng  until  cell  failure, 
at  which  point  the  efficiency  drops  drastically.  Failed  cells,  however, 
hav*  been  shown  to  contribute  to  battery  power  for  part  of  the  discharge  cycle 
even  when  partially  shorted. 

The  effect  of  cycle  life  on  the  thermal  characteristics  of  the  cells  has 
not  been  measured.  No  potentially  adverse  effects  have  come  to  our  attention. 
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VII.  OTHER  OPERATIONAL  CHARACTERISTICS 
A.  Special  Charge- Requirements 

The  normal  charge  and  discharge  reactions  In  the  LI-Al/FeS  cell 
result  In  the  formation  of  solid  products  without  gaseous  side- reactions, 
which  permits  the  cell  to  be  sealed  and  eliminates  the  need  for  electrolyte 
replacement.  Information  on  the  effects  of  overcharging  and  overdischarging 
LI-Al/FeS  cells  has  been  obtained  from  thermodynamic  data,  laboratory-scale 
cell  experiments,  full-scale  cell  tests,  and  post-test  examinations  of  cells. 
The  normal  charge  cutoff  voltage  (IR-Included)  Is  1.55V  and  the  reversible 
(IR-free)  voltage  Is  1.33V.  When  the  charge  cutoff  voltage  Is  exceeded,  the 
first  significant  overcharge  reaction,  which  occurs  at  about  1.8  V (IR-free). 

Fe  ♦ 2L1C1  + 2A1  — » FeCl2  + 2L1A1 . 

This  reaction  Involves  (1)  anodic  oxidation  of  the  Iron  current  col- 
lector In  the  FeS  electrode  to  form  FeCl2  (complexed  as  KFeCl3  or  K2FeCl4) 
and  (2)  the  deposition  of  additional  lithium  In  the  L1-A1  electrode.  Cor- 
rosion of  the  Iron  current  collector  by  this  mechanism  can  be  reduced  by  the 
addition  of  Iron  powder  to  the  FeS  electrode. 

The  normal  IR  Included  discharge  cutoff  voltage  for  LI -A1 /FeS  cells  Is 
1.0  or  0.9V.  The  principal  overdischarge  reaction  Is 

A1  ♦ 3L1C1  AICI3  ♦ 3L1 

This  reaction  occurs  at  -1.5V  (IR-free).  Aluminum  In  the 
L1A1  electrode  undergoes  anodic  oxidation  to  form  AICI3,  which  Is  soluble 
' 1 the  electrolyte,  and  metallic  lithium  Is  deposited  on  the  Iron  sulfide 
electrode.  The  cell  under  these  conditions  Is  In  a state  of  reversal.  Con- 
tinuing to  overdischarge  eventually  causes  a short  circuit  due  to  the  depo- 
sition of  metallic  aluminum  In  the  separator  or  the  formation  of  liquid 
lithium  at  the  Iron  sulfide  electrode. 


The  reaction  at  -1.5V  (IR-free)  Is  consistent  with  the  maximum 
voltage  observed  (-1.6)  during  cell  reversal  tests  that  were  performed  at 
ANL. 

Individual  cell  charge  balancing  (equalization)  Is  required  with 
LI-AI/FeS  cells  because  small  differences  In  the  coulomblc  efficiency  of  the 
cells  when  cycled  will  produce  a cell-to-cell  charge  Imbalance.  The  cell  to 
cell  variation  of  coulomblc  efficiency  Is  small  and  10-cell  series-connected 
modules  have  been  operated  with  "equalization"  charging  being  performed  on  a 
once-per-week  basis.  This  observation  suggests  that  van  fleets  could 
operate  with  an  Inexpensive  bulk  charger  dedicated  to  each  van  (for  overnight 
charging)  while  rotating  a charger-equalizer  unit  among  as  many  as  seven  or 
more  vans.  Concepts  for  Inexpensive  charger/equallzers  for  this  battery 
system  are  under  Investigation  In  the  EPR1  program. 

Periodic  complete  discharge  Is  not  necessary  for  this  system. 

B.  Maintenance  Requirements 

Regular  maintenance  Is  not  required  because  the  battery  Is  sealed 
and  requires  no  electrolyte  replacement.  The  battery  temperature  Is  control- 
led automatically  to  the  proper  operating  temperature  by  the  built-in  heat 
exchanger  (heating  and  cooling  capability).  The  bulk  charger  (used  for 
overnight  charging)  can  also  have  a separate  AC  circuit  that  provides  the 
power  to  the  battery  heaters  for  temperature  maintenance  for  periods  of 
Intermediate  storage  (1-2  weeks).  For  longer  term  storage,  the  battery  can 
be  allowed  to  cool  to  room  temperature  and  reheated  to  restore  It  to  service. 
Periodic  equalization  (every  1-2  weeks)  by  a charger-equalizer  unit  Is 
required.  Equalization  can  be  accomplished  overnight. 

The  ANL  van  batteiy  design^)  developed  for  the  EPRI  program  pack- 
ages Individual  cells  Into  9-cel 1 module  trays.  Individual  cells  can  be 
replaced  In  a planned  maintenance  step  that  provides  a cool -down  of  the 
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battery  to  room  temperature.  An  example  that  was  described  earlier  (see 
Appendix  C - Life  Considerations)  suggested  that  replacement  of  5 cells 
In  a 100  cell  battery  would  significantly  extend  the  battery  life  and  be 
cost-effective. 

VI 11.  PACKAGING  FLEXIBILITY 

A.  Volumetric  Considerations 

The  van  battery  design^)  which  uses  SOA  LI-Al/FeS  cells 
and  Is  based  upon  the  use  of  an  electric  Chrysler  T-van  provides  a reference 
for  volumetric  considerations.  The  van  battery  Is  designed  to  fit  the 
maximum  space  available  under  the  deck,  75  x 30  x 12  Inches.  The  energy 
output  for  this  battery  Is  projected  at  36  kWh  which  yields  a volumetric 
energy  density  of  82  Wh/1.  A conservative  packaging  design  was  employed 
because  space  was  available  under  the  deck  which  did  not  Infringe  upon 
useable  space  within  the  vehicle.  With  refined  packaging,  values  expected 
for  the  commuter  car  or  van  battery  produced  In  the  1990's  would  be  100-125 
Wh/1.  Specific  designs  have  not  been  attempted  for  the  bipolar  battery.  A 
preliminary  estimate  puts  the  bipolar  batteries  In  the  range  of  125-175 
Wh/1. 

B.  Size  Limitations 

Cells  have  been  built  with  two  to  seven  electrode  plates 
with  the  plate  sizes  ranging  from  3x5  Inches  to  12  x 12  Inches.  The 
system  as  developed  allows  a great  deal  of  flexibility  In  the  size  and 
capacity  of  the  cells.  The  larger  plate  designs  (l.e.,  12  x 12  Inches)  have 
current  distribution  and  heat  removal  requirements  somewhat  more  demanding 
than  the  5x7  Inch  size  currently  being  developed  for  EV  batteries. 
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C.  Special  Considerations 

The  battery  design  Includes  a high- efficiency  Insulating  case* 
a heat- exchanger*  voltage  and  temperature  Instrumentation  taps  packaged 
as  a single  unit.  A small  blower  will  be  mounted  adjacent  to  the  battery  to 
circulate  the  cooling  air* 

D.  Scale  Effects 

Scaling  factors  for  batteries  In  the  range  of  Interest  l.e.* 

10-50  kWh  have  not  been  developed.  Based  upon  the  flexibility  available  In 
the  cell  design,  l.e.,  size,  thickness,  and  number  of  plates,  efficient  cell 
designs  can  be  developed  for  batteries  that  span  the  10-50  kWh  range. 

The  battery  shape,  which  Is  determined  by  the  application, 
Influences  the  surface/volurae  ratio  of  the  battery  and  has  an  Important  effect 
upon  volumetric  energy  density  because  of  the  need  for  an  Insulating  case. 

The  Impact  of  shape  upon  the  gravimetric  energy  density  Is  less  Important. 

For  the  prismatic  battery  designs  that  have  been  studied  thus  far  discount 
factors  of  0.5  to  0.6  have  been  obtained  that  convert  cell  volumetric 
energy  density  to  battery  volumetric  energy  density.  The  discount  factors 
developed  by  design  studies  for  the  gravimetric  energy  density  have  ranged 
from  0.75-0.8.  Preliminary  cell  design  studies  have  been  completed  for 
bipolar  cells.  Scaling  factors  and  discount  factors  for  bipolar  cells 
packaged  as  a battery  unit  have  not  as  yet  been  developed. 
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APPENOIX  A - PRISMATIC  BATTERY  PERFORMAKCE  PROJECTIONS 


1*  Specific  Energy  Projections 

The  specific  energy  as  a function  of  constant  power  discharge  was 
obtained  from  an  estimate  based  upon  a high-power  cell  built  and  tested  by 
T*  Kaun. 

The  values  projected  by  T.  KaunU)  are  given  In  Table  A-l. 


Table  A-l 


Specific  Energy  with  Constant  Power  Discharge 

Discharge  Rate  Specific  Energy 
(W/kg)  (Mh/kg) 


6 

111 

11 

107 

25 

100 

47 

93 

82 

82 

126 

63 

The  state-of-the-art  ar.d  projected  specific  energy  for  cells  having 
P/E  ratio  * 2 was  obtained  from  modeling  studies* (2)  These  values  are 
given  In  Table  A-2* 

(1)  T.  Kaun,  Private  communication,  Argonne  National  Laboratory,  March  1981. 

(2)  E.  Gay,  Private  communication , Argonne  National  Laboratory,  Jan.  1984. 
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Table  A-2  Sptclflc  Energy,  Wh/kg 


Technology  State 

Cells 

Batteries* 

SOA 

87 

65  9 16  W/kg 

Projected  (1990) 

115 

86  • 21  W/kg 

"Derating  factor  of  0.75  (from  cells  to  batteries). 

These  values  are  plotted  on  Fig.  A-l  which  provides  the  basis  for  the 
SOA  and  projected  values  for  the  specific  energy  of  LI-AI/FeS  batteries  as  a 
function  of  constant  power  discharge  rates. 

II.  Peak  Power  Projections 

The  peak  power  estimates  are  based  upon  a shape  factor  obtained  from  the 
estimates  based  upon  an  experimental  high-power  cell  and  modeling  studies  for 
cells  with  a P/E  ratio  of  2. 

These  values  are  plotted  In  Fig.  A-2. 


F-26 


250 


6wm  ‘3ivu  aouvHOSia 


1-27 


BATTERY  OUTPUT,  Wh/kfl 
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APPENDIX  B - BIPOLAR  BATTERY  PERFORMANCE  PROJECTIONS 


A study  was  made  to  characterize  the  projected  performance 
of  the  bipolar  type  LI-Al/FeS  batteries.  The  study  was  focused  on  the  following: 

1)  Specific  energy  of  a battery  when  discharged  at  a constant  specific 

power. 

2)  30-second  specific  power  capability  of  the  battery  as  a function  of 
the  state-of-charge  (SOC)  as  defined  for  the  standard  C/3  rate. 

I.  Description  of  Bipolar  Type  LI-Al/FeS  Cell  Batteries 

The  cell  considered  In  the  study  employs  LI-Al/LICI-KCl/FeS  operating  at 
about  460°C  with  open  circuit  voltage  of  1.35  V at  the  fully  charged  state. 

The  bipolar  cell  discussed  In  this  stud/  comprises  stacked  layers  of  circular 
electrodes,  0.2  cm  thick  ceramic  (MgO  powder)  separators,  a ceramic  (MgO) 
ring  Insulator,  and  a 0.018  cm  thick  stainless  steel  can.  The  bipolar 
plates  are  made  of  0.018  cm  thick  stainless  steel.  As  we  will  discuss  later, 
an  electrode  diameter  of  17.78  cm  (thick)  with  a three  bipolar  plates  was 
found  to  satisfy  the  requirements. 

II.  Methodology 

For  the  analysis,  a conceptual  cell  design  was  developed  by  first 
selecting  mechanical  dimensions  and  a theoretical  capacity  and  applying  key 
design  parameters  Including  loading  densities  and  the  negative/positive 
ratio.  The  cell  design  was  then  used  to  calculate  1)  specific  energies  at 
different  rates  of  discharge,  and  2)  30-second  peak  specific  powers  at  dif- 
ferent states  of  charges  as  defined.  Flow  charts  of  the  computer  programs 
used  to  carry  out  the  analysis  are  shown  In  Fig.  B1  and  B2. 


Fig.  B-l.  Computer  Flow  Chart  for  Specific  Energy. 
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Fig.  B-2.  Computer  Flow  Chart  for  Peak  Power, 
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In  calculating  the  specific  energies,  the  utilization  of  the 
active  material  In  the  cell  at  the  desired  discharge  rate  must  be  determined. 
For  this,  the  following  formula  which  is  derived  from  experimental  data 
on  an  advanced  prismatic  cell  was  used.d) 

. U(current)  * 1 - 1.67  1 

where  1 Is  In  A/cm2. 

The  utilization  Is  also  known  to  be  affected  by  the  electrode  thick- 
ness although  Its  effect  diminishes  as  the  thickness  decreases  par- 
ticularly below  0.15  cm.  The  effect  Is  analytically  expressed 
by  the  following  formula  based  on  an  experimental  correlation.  (2) 

U(thlckness)  * 1.15  - tc 

where  tc  Is  the  positive  electrode  thickness  In  cm.  Two  values  of  the  above 
utilizations  were  then  compared  and  the  smaller  value  was  taken  to 
determine  the  discharge  capacity  of  the  cell  at  the  selected  rate.  For 
determining  the  average  cell  voltage,  the  following  equation  was  used. 

Yav  * 1.35  - r.-i 

where  Vav  Is  In  volt,  R Is  cell  resistance  In  ohm-cm2,  and  1 Is  current 
density  In  A/cm2.  The  cell  resistances  were  taken  as  0.8  for  advanced  and 
1.2  for  the  SOA  cells.  These  values  are  similar  to  those  found  for  the 
prismatic  cells.  The  energy  and  power  outputs  of  the  cell  can  be  calculated 
by  multiplying  the  average  voltage  by  the  cell  capacity  and  current, 
respectively. 

For  the  calculation  of  the  peak  power,  one  needs  to  know  the  peak- 
power  flux,  W/cm2.  Data  for  30-sec  peak  power  are  available  for  SOA  and 

1)  ANL -80-128,  p.  46  (1981). 

2)  Gay,  E.,  Private  communication  (1983). 
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an  advanced  prismatic  cell (4)  as  a function  of  the  SOC.  The  values  are 
listed  below: 

80%  SOC  50%  SOC  30%  SOC  10%  SOC 
Advanced,  W/cm2  0.57  0.41  0.32  0.25 

SOA,  W/cm2  0.40  0.25  0.17  0.10 

These  values  are  observed  for  the  prismatic  cells,  and  even  higher  values 
are  expected  for  a bipolar  type  cell  because  of  Its  Intrinsically  low  cell 
resistance.  The  cell  values  obtained  were  multiplied  by  0.75  to 
allow  for  the  weight  of  the  battery  case  and  other  battery  components. 

III.  Summary  of  Results 

A series  of  confutations  were  made  for  both  the  advanced  and  SOA 
designs  with  the  electrode  diameter  varying  from  3 In.  (7.62  cm)  to  7 In. 
(17.78  cm),  the  cell  capacity  varying  from  100  to  300  Ah,  and  the  number 
of  bipolar  plates  varying  from  1 to  3.  For  both  the  advanced  and  SOA 
design,  the  cells  having  7 Inch  electrodes,  3 bipolar  plates  and 
theoretical  capacity  of  180  Ah  were  selected  because  they  provided  the 
best  P/E  match  to  the  requirements.  The  results  are  summarized  below  and 
also  presented  In  Fig.  B3  and  B4. 

1.  Specific  energy  of  a battery  when  discharged  at  a constant  specific 
power 

20  W/kg  60  W/kg  80  W/kg  100  W/kg  200  W/kg 

Advanced,  Wh/kg  136  115  103  90  30 

SOA,  Wh/kg  121  97  83  69 

2.  30-second  specific  power  capability  as  a function  of  the  SK. 

80%  SOC  50%  SOC  30%  SOC  10%  SOC 

Advanced,  W/kg  242  187  146  114 

SOA,  W/kg  167  104  71  42 

4)  Redey,  L.,  Private  communication  (1982). 
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Fig.  B-3.  Specific  Energy  as  a Function  of  Constant  Power  Discharge. 
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The  cell  design  parameters  and  cell  dimensions  used  In  the  analysis  are 
summarized  In  Tables  B1  and  B2. 


Table  Bl.  Cell  Design  Parameters 


Cell  Electrode  Dla 

17.78  cm 

Electrode  Area 

744.5  cm2 

No.  of  Bipolar  Layers 

3 

Theoretical  Capacity 

180  Ah 

Advanced 

SOA 

Neg  Loading  Density,  Ah/cm3 

1.0 

0.8 

Pos  Loading  Density,  Ah/cm3 

1.6 

1.4 

Neg/Pos  Ratio 

1.1 

1.1 

Cell  Resistance,  ohm  cm2 

0.8 

1.2 

Cell  Thickness,  cm 

1.94 

2.21 

Cell  Height,  kg 

1.23 

1.34 

Table  B2.  Cell  Dimensions 
Advanced 

SOA 

Electrode  Dia,  cm 

17.78 

17.78 

No.  of  Bipolar  Layers 

3 

3 

Electrode  Area,  cm2 
Electrode  Thickness 

744.5 

744.5 

Positive,  cm 

0.151 

0.173 

Negative,  cm 

0.266 

0.332 

Separator,  cm 

0.200 

0.200 

Can,  cm 

0.018 

0.018 

Total  Thickness,  cm 

1.941 

2.21 

Total  cell  volume,  cm3 

733 

833 

Total  cell  weight,  kg 

1.228 

1*34< 
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. APPENDIX  C - BATTERY  MANUFACTURING  COST  PROJECTIONS 

I.  . INTRODUCTION 

The  potential  for  low-cost  battery  manufacture  Is  explored  here  by 
(1)  the  use  of  the  Gould  cell  technology  (powder  MgO  separators)  (2)  manufacture 
of  all  the  required  lithium  containing  compounds  from  a LI^CO^  feedstock 
(3)  use  of  low-carbon  steel*  for  the  cell  container,  electrode  structure, 
and  particle  retainers  (mechanically  perforated  sheet),  and  (4)  manufacture 
of  the  cell  In  a discharged  state.  I.e.,  use  of  L12$  as  the  source  of  electro- 
chemlcally  active  lithium. 

The  cost  Impact  of  the  LIBr-LICl-LIF  electrolyte  versus  the  L1C1-KC1 
electrolyte  Is  examined  by  choosing  the  Ll-Br  containing  salt  for  a high-power 
battery  and  the  L1C1-KC1  electrolyte  for  a high-energy  battery. 

II.  MATERIALS  COST 

The  market  price  of  materials  of  Interest  for  this  analysis  Is  given 
In  Table  Cl . 

Starting  with  a feedstock  of  L12C0^t  H2S,  HF . HC1 . H2S0^.  and  NaBr . the 
feedstock  costs  to  make  a pound  of  L12S,  LIBr,  LI  Cl.  and  L1F  (as  required 
for  the  h1gh:power  cell)  Is  listed  and  compared  with  market  prices  In 
Table  C2. 


L1A1  was  chosen  as  the  negative  active  material  to  permit  the  use  of  low-carbon 
steel  for  the  negative  electrode  housing. 
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Table  Cl.  Market  Price  of  Materials*  0983) 
Material  Market  Price.  S/lb 


Lithium  metal 

31.00 

U?1°3 

1.48 

3.00 

L1F 

4.72 

KC1 

0.105 

HC1 

0.27 

HF 

0.68 

H2S 

0.11 

h2so4 

0.04 

NaBr 

1.04 

MgO 

0.50 

A1 

0.60 

Iron  powder 

1.00 

Low  Carbon  Steel 

0.33 

KC1 

0.10 

7 


Chemical  Marketing  Reporter,  Nov.  11,  1983. 


Table  c 2.  Feedstock/Market  Price  Comparison 


Compound 

Feedstock  Cost,* 
S/1 b of  Compound 

Market  Price*  of 
Compound,  $/1b 

Feedstock  Cost 
as  % of  Market 
Price 

LI  Metal 

9.29 

31.00 

30 

L12S 

2.48 

** 

- 

LIBr 

1.88 

6.50 

29 

LI  Cl 

1 .52 

3.00 

51 

L1F 

2.63 

4.72 

56 

“7 

Chemical  Marketing  Reporter,  Nov.  11,  1983. 

** 

Not  made  In  commercial  quantities. 

^Includes  LI2CO3  plus  all  reactants  to  convert  LI2CO3 
to  the  compound  listed. 
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in.  COST  OF  CONVERTING  LICOj  TO  THE  DESIRED  COMPOUNDS 

The  feedstock  cost  for  the  conversion  of  L12C03  to  the  desired 
compounds  L12S,  LIBr,  LI  Cl . and  L1F  Is  given  In  Table  C3. 


Table  C3.  Feedstock  Cost  for  a High-Power  Battery 

Basis 


1.  5 lb  of  electrolyte  per  kWh 

2.  Electrolyte  composition,  wt.% 

LIBr,  68;  LI  Cl . 22;  L1F,  10. 

3.  0.67  lb  elemental  LI  req'd  per  kWh  In  2.2  lb  L12$ 

Feedstock  Cost 


Compound 

Cod  Wt  lb/kWh 

$/lb  Cpd 

$/kWh 

L12S 

2.2 

2.48 

5.45 

LIBr 

3.4 

1.88 

6.39 

LI  Cl 

1.1 

1.52 

1.67 

L1F 

0.5 

2.63 

1.31 

Totals 

7.2 

14.82 

The  conversion 

cost  of  the  feedstock  was  estimated  using  the 

following  assumptions. 

1.  The  equipment  cost,  depreciation  base,  total  Investment,  rent  and 
labor  costs  are  1/2  of  that  estimated  for  the  battery  plant  In  ANL-79-59  p.  15 
(ADL  Method,  Table  11).  The  values  for  the  chemical  conversion  part  of  the 
plant  are: 

Equipment  Cost,  $*106  , 2.33,  $2. 03/kWh  (1979  $) 

Depreciation  Base,  SxlO?  4.68,  $4. 07/kWh 

Total  Investment,  $x!0°  8.68,  $7. 55/kWh 

Total  Labor,  $/kwh  2.13 
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2.  Inflation  rate  ■ 1.099  x 1.096  x 1.062  * 1.28. 

3.  Battery  size  ■ 24  kWh 

4.  Plant  size  1.15  x 10®  kWh/year 

The  conversion  cost  of  L12C03  to  the  desired  lithium  compounds  Is  shown 
In  Table  C4. 


Table  C4.  production  Cost  of  L12S  + LIBr-Contalnlng 
Electrolyte  from  Feedstock 


Materials  Cost  * $14. 82/kWh  (Table  3) 

Item 

Cost  Item 

$/Battery 

Remarks 

1 

Materials  Cost 

356 

Materials  OH 

35 

W 

10%  of  materials  cost 

2 

Direct  Labor 

65 

• 

Labor  OH 

182 

m 

280%  of  direct  labor 

3 

Equipment  Depreciation 
Rent 

13 

4 

rr 

4 

Factory  Cost 

655 

Item  1+2+3 

5 

ROI  + Taxes 

70 

30%  of  total  Investment 

6 

Production  Cost,  $/battery 
. S/kWh 

725 

30.21 

The  cost  of  the  non-11th1um-conta1n1ng  materials  Is  given  In  Table  C5. 
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Table  cs.  Non-Lithium-Containing  Materials 


Material 

Wt/kWh 

1 

f/kWh 

Aluminum 

2.5 

0.60 

1.50 

Iron  Powder 

3.5 

1.00 

3.50 

MgO 

1.9 

0.50 

.95 

L.C.  Steel 

7.0 

0.33 

2.31 

Feedthru  Parts 

- 

* 

4.80 

Totals 

14.9 

13.06 

The  feedstock  cost  for  producing  L12S  and  LI CT  for  the  high-energy 
battery  Is  given  In  Table  C6. 


Table  C6.  Feedstock  Cost  for  Producing  L12S  and 
Li  Cl  for  the  High-Energy  Battery 


Feedstock  Cost 


Compound 

Cpd  Wt/kWh,  1b 

$/1b  cpd 

j/kWh 

n2s 

2.2 

2.48 

5.45 

L1C1* 

2.2 

1.52 

3.34 

Totals 

4.4 

• 

7.79 

*5  lbs  of  electrolyte  with  44  wt.X  L1C1-56  wt.%  KC1 
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The  production  cost  of  L^S  and  LI  Cl  from  the  feedstock  Is  given 
1r  Table  C7. 


Table  C7.  Production  Cost  of  L1?S  and  HC1  From  Feedstock 

Basis 

Materials  Cost  $7. 79/kWh  (Table  C6) 

Capital,  Labor,  Rent  Is  25%  of  Battery  Plant  In  ANL-79-59 


Item  Cost  Item 

1 Materials  Cost 
Materials  Overhead 

2 Direct  Labor 
Labor  Overhead 

3 Equipment  Depreciation 
Rent 

4 Factory  Cost 

5 ROI  ♦ Taxes 

6 Production  Cost 

IV.  OEM  SELLING  PRICE 


S/Battery  Remarks 

187 

19  10%  of  materials  costs 

TO 

33 

92  280%  of  direct  labor 

m 

7 

2 

* 

340 

35 

375 

($15.60  kWh) 


A summary  of  the  costs  leading  to  the  estimation  of  the  OEM  selling 
price  Is  given  in  Table  C8.  A comparison  Is  made  between  a high-power  battery 
that  employs  LIBr-LICl-LIF  electrolyte  with  a high-energy  battery  using 
L1C1-KC1  electrolyte. 
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V SUMMARY 

1.  The  main  objective  of  this  study  was  to  show  that  by  the  use  of 
L^CO^  as  a feedstock  for  the  production  of  all  the  required  llthium-contalnlng 
compounds.  It  may  be  possible  to  reduce  the  battery  OEM  price  to  about  $100/kWh. 

2.  The  ADI.  costing  methodology  was  followed  except  where  modified  by 
the  Consiglio/Symons  study.  The  capital  values  for  equipment,  depreciation, 

and  total  Investment  as  well  as  rent  were  taken  from  the  ANL-79-59  study  on  cost. 

3.  Based  upon  this  approach,  a trade-off  analysis  for  a high-power 
system  (using  the  LIBr  containing  electrolyte)  shows  a 15%  higher  cost 
compared  to  the  system  using  L1C1-KC1  electrolyte  ($115/kWh  compared  to  $99/kWh). 

4.  It  seems  likely  that  the  power  and  energy  requirements  for  the 
commuter  car  and  van  can  be  met  using  prismatic  cell  designs  optimized  for  power 
using  LiCl-KCl  electrolyte,  a Li-Al  electrode  (to  permit  use  of  low-carbon 

steel  for  the  negative  electrode  structure)  and  low-carbon  steel  for  the  cell  can. 
By  addition  of  Iron  powder  (a  30%  stoichiometric  excess)  to  the  positive 
electrode  mix,  it  would  be  possible  to  use  low-carbon  steel  for  the  positive 
electrode  structure.  Mechanically  perforated  steel  sheet  in  series  with  the 
MgO  powder  separator  can  probably  be  used  successfully  as  a particle  retainer. 

As  indicated  In  Table  C8,  the  OEM  cost  for  such  a battery  would  be  $99/kWh. 
t'.  A cost  analysis  for  the  bipolar  battery  was  not  attempted.  For 
purposes  of  this  study,  no  distinction  between  prismatic  or  bipolar  battery 
manufacturing  cost  was  made. 
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APPENDIX  D - LIFE  CONSIDERATIONS 


A.  Cells 

A summary  of  the  cycle-life  tests  for  the  Gould  and  Eagle-Picher 
status  cells  is  presented  in  Table  D1.  For  the  purposes  of  cycle-life  testing, 
a deep  cycle  was  defined  as  80%  or  greater  of  the  theoretical  cell  capacity, 
and  end  of  cell  life  was  defined  as  either  a 20%  loss  of  the  initial 

capacity  or  a drop  in  the  coulombic  efficiency  to  95%.  Groups  of  at 
least  12  cells  of  identical  design  were  cycle-life  tested  to  provide  statis- 
tical data  on  the  time  to  failure.  The  highest  mean  time  to  failure  (MTTF) 
was  410  cycles  for  the  Eagle-Picher  Group  I cells  and  330  cycles  for  the 
second  group  of  Gould  powder  separator  cells.  The  Wei  bull  Slope,  which  defines 
the  distribution  of  failures,  ranged  from  1.4  to  3.2.  The  average  capacity  loss 
rate  ranged  from  2.5  to  8%  per  100  cycles. 

Significant  lifetime  improvement  was  demonstrated  by  a group  of  five 
•cells  built  by  Eagle-Picher  in  a program  for  the  U.S.  Army  (MERADC0M).  The 
cycle  life  of  the  five  cells  is  plotted  against  the  voltage  at  cut-off  at  80% 
depth  of  discharge  (see  Flg.Dl).  The  testing  of  this  group  continues  with 
two  of  the  cells  having  exceeded  1000  cycles.  The  average  capacity  loss 
rate  for  a cell  in  this  group  has  been  measured  at  2%/100  cycles. 

Life  limiting  mechanisms  for  the  cells  have  been  studied  extensively 

by  the  post-test  examination  of  hundreds  of  cells.  The  cells  fail  by  shorting 

caused  by  the  extrusion  of  active  material  from  the  negative  or  positive 

electrode  due  to  ruptures  in  the  electrode  containment  structures  or  by  shorting 

caused  by  the  formation  of  L1-A1  protrusions  that  penetrate  the  BN  separator.* 

This  failure  mechanism  has  been  experienced  only  in  the  Eagle-Picher 
cells* 
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Table  D1 . Summary  of  LI/FeS  Cell  Performance  Tests  at  ANL 


3 

u 

m 

u 

to 

u 

X 

u 

a* 

1 

2 


a 

3 

O 

u 

o 


b 

3 

o 

w 

o 


N4  ^ O 

co  *»  co 


N 


ss 


a 

3 

o 

w 

o 


b 

a 

o 

u 

o 


« 

9 

44 

« 

44 

W 

■o 

•3 

o 

u 


2 


N4  o r* 

•■4  3»  !>•  •* 

co  «»  co 


2 


04  4*  lA  < 
H 9 N 9 

<n«N 


to*4in 

so  m 


4omn 
rl««CO 
CO  *4  04 


04 


in  ^4  m 

n.  »n 


(4 


04  < 

H Ol 


<4  o» 

lA 


s ® 


04  « kA  40  4-00 

ON 


b 

s 

55 


« 

5 4 

■ 4 *■ 

h < « 

8L  .* 

I>.e 

5 44  <M 

5»:htJc 

.3  &s 

H U -H  « *4 
H « UO  4 
« b « ^ "H 
O « M M > 
U « 4 I 
<M  b V O 
O • O b 

• 8 • • t> 

O X » > 44 

Z H < < (A 


* • 
►s  fe 

ff* 

• o 

+ ,o5 

- *4  »H 
*I«M  «H 
U «4  U 
■HUM 
U 4f  b 

m bto 
,b  (A  . 

3 .5 
< 2 


8 


CO 

04 


40 

o 


04 


Is 

kt> 

"» 


04 

•A  CO 

«• 

CO 


lA 


s 


<H  40  04 
O 40 
04  H 


d +. 

CO  NH 


40 


O 04 


»-l  «* 


+ 

CO 

m 


O 04 

40 

40 


40  40 


© 

40 


u •* 

kO  • 
Ol  40 
's.  ss. 

00  o 

H • 
04  04 


41 

5 

• H 

« m 

<4  b 

SU 


l 9 ■ • 

I O H 41 
I J H *H 

’>  C g. 

I JO  • O -H 

!3i  2 


8 

O 


•A 

3 


8 

o 


8 


kb 

O 


44 

2 

40 
40 

3 

2?  8, 
■H  U 
U 

M 


& 

3 


5 


& 


N « 


Ok 

V 


l 

4J 

8 

c 

o 


■g  s 


►.  44 
U H 
C 41 
41  U 
«H  K 

u o 
u 


M b 

« 9 

« 2 

2 - 

8 3 

U » 

O H 

u Id 


h e 


•o 

4) 


<S 

4J 

X 

o 

44 

O 

e 


m b 

40  3 

o 5 

<H  »4 


U 41 

t l 
S 8 

M V 

O ■ 

04 

40  8 

40  • 

? i 

e » 


■o  o 


ft  t 

i 

4 1.°  • ’ 

U IA  «M  1» 
3N  H O 
*4  ■ 

* . 

U IA 

O 41 
b 

■0  4* 
ci  o e o 
H H M U 
« XU 


t ^ • 

IA  *44  H 

*2 


o 

•4H 

V 

0) 

b 

T3 

41 

> 

O 

U 

a 

B 


4) 

X 

44 

O0 

■5  U 
§ to 

X Os 

CD  < 


41 

b U 

8 I 

W 4) 
O H 
4) 

* £■ 
« B 


U V 
£+ 

g* 
*4  *H 

us  to 

■H 

•a  <o 

l-»  (4 

o b 

+ 0 .*> 


F-46 


CYCLE  UFE  OF  MERADCOM  CELLS 
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NUMBER  OF  DISCHARGES 


The  Gould  cells  which  employ  a MgO  powder  separator  fall  by  the  gradual 
degradation  of  the  separator  which  allows  the  electrodes  to  contact  or  by 
the  gradual  buildup  of  Iron  particles  In  the  separator  that  eventually 
bridge  and  cause  a short. 

An  analysis  relating  the  MTTF  and  the  failure  distribution  of  cells 
on  the  expected  battery  life  Is  given  In  Section  C. 

B.  Modules 

The  cycle  life  achieved  by  Li-Al/FeS  modules  tested  under 
deep  discharge  conditions  at  ANL  and  Eagle-Picher,  Industries  Is  given  In 
Table  02.  In  general,  the  cycle  life  obtained  was  that  expected  based  upon 
cell  life  results  obtained  from  tests  of  individual  cells.  The  exception  occurred 
In  the  test  of  the  30  cell  module  which  failed  early  in  life  due  to 
electrolyte  leakage  from  hairline  cracks  which  developed  in  several  of  the 
cells.  The  cell  cans  are  at  negative  potential  and  fail  rapidly  when  the 
electrolyte  bridges  cells  In  a closely  packed  cell  array.  This  condition  causes 
an  electrolysis  reaction  resulting  the  transfer  of  Iron  accompanied  by  rapid 
discharge  of  the  cells. 

Module  testing  at  ANL  Is  continuing  In  the  Electric  Power  Research 
Institute  (EPRI)  program.  A 9-cel  1 array  of  Gould  cells  will  be  tested  In 
a fully-engineered  system  that  Includes  heating  and  cooling  units  In  a 
high-efficiency  thermal  Insulated  case. 

C.  Batteries 

Test  work  at  ANL  has  shown  that  a series-connected  module  can 
continue  to  operate  for  many  cycles  with  a small  percentage  of  failed  cells. ^ 
Tests  were  also  performed  on  individual  cells  with  a procedure  that  simulated 


(1)  ANL  Report,  ANl-81-65  pp.  42-46  (February  1982). 
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Table  D2.  Module  Tests 


Year 

No.  of 
Cells 

Battery  Voltage 
V 

Battery  Capacity 
kWh 

Thermal 

Insulation 

Cycle 

Life 

1977 

6 

8.8 

1.0 

Vac-Foil 

11 

1979 

10 

5.9 

3.7 

Conventional 

34 

1979 

5 

5.6 

1.6 

Vac-Foil 

70 

1980 

9 

10.6 

3.0 

Conventional 

72 

1981 

10 

12 

2.5 

Vac-Foil 

71 

1981 

10 

12 

2.5 

Vac-Foil 

79 

1981 

10 

11.6 

3.8 

Conventional 

270 

1981 

10 

11.8 

4.0 

Conventional 

150 

1983 

30 

36 

12 

Conventional 

12* 

*Module  failed  early  in  life  due  to  electrolyte  leakage  from 
several  defective  cells  (see  text). 
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(2) 

the  behavior  of  a failed  cell  In  a series-connected  string/  ' Cells  that 
had  developed  a short  as  a result  of  lifecycle  testing  were  tested  using  a 
timed  cycle  in  which  284  Ah  were  passed  through  the  cell  both  on  charge 
and  discharge  with  the  voltage  and  heating  rates  monitored.  The  voltage 
history  of  such  a cell  Is  given  In  Fig.  D2.  The  main  points  to  be  noted  are 
that  the  shorted  cell  provides  useful  voltage  for  a number  of  cycles  (30-40 
cycles)  as  shown  by  the  curve  labeled  2 until  It  deteriorates  to  the  condition 
shown  by  curve  3 where  the  cell  exhibits  Its  peak  negative  voltage  of  -1.6  V 
and  Its  maximum  heat  generation  of  90-100  W on  discharge.  The  duration  of 
this  peak  negative  voltage  state  was  15-30  cycles  when  It  then  tended  to  a 
terminal  state  shown  by  curve  4.  Voltage  conditions  for  the  terminal 
state  are  -0.4  V on  discharge  and  +0.4  V on  charge  with  heat  evolution  of 
35-40  W on  discharge  and  15-20  W on  charge. 

The  main  conclusion  that  has  been  drawn  from  these  tests  Is  that 
It  may  be  possible  to  operate  a series-connected  battery  containing  a small 
number  of  failed  cells  if  provision  is  made  to  handle  the  extra  heat  generated 
by  the  failed  cells.  This  conclusion  provides  the  rationale  for  considering 
maintenance  schemes  that  allow  the  battery  to  operate  until  the  number  of  failed 
cells  In  the  battery  drops  the  capacity  below  an  acceptable  level  at  which 
time  the  battery  Is  shut  down  and  the  failed  cells  are  replaced. 

A battery  life  analysis  for  LI-Al/FeS  cells  with  a projected  MTTF 
of  1500  and  a Welbull  slope  of  5 was  developed.  The  assumptions  made 
were  (1)  Initial  capacity  of  20  kWh  delivered  by  a 100  cell  battery  (2)  2%/1 00  cycle 
capacity  loss  rate  (3)  average  voltage  loss  per  failed  cell  of  2.4  V and 
(4)  80  mlles/dlscharge. 

(2)  ANL  Report  ANL-83-62‘pp.  55-58  (September  1983). 
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Fig.  02.  Typical  Voltage  of  A Short-Circuited 
Ceil  on  Continued  Cycling. 


The  distribution  of  failures  with  cycle-life  Is  given  In  Fig.  03.  Using  this 
data,  the  battery  output  as  a function  of  cycles  was  derived  and  Is  shown 
plotted  on  Fig.  04.  The  results  show  that  a battery  life  of  1000  cycles  Is 
possible  with  the  replacement  of  S cells. 

Whether  It  Is  economical  to  repair  the  battery  after  the  first  few 
cells  fall  will  depend  upon  the  cost  of  repair  and  the  lifetime  extension  obtained 
compared  to  the  cost  of  purchasing  a ne^  battery.  An  example  developed 
In  Table  03  suggests  that  maintenance  for  an  additional  16,000  miles  (200  cycles) 
obtained  by  replacing  5 cells  would  be  cheaper;  that  Is,  amortizing 
battery  first  cost  over  64,000  miles  (800  cycles)  results  In  a cost  of 
4.7$/m11e  while  the  $600  spent  for  maintenance  provides  an  additional  16,000 
miles  and  results  In  a cost  of  3. 754/mile. 

To  summarize; 

1.  State-of-the-art  cells  at  the  engineering  level  have  shown  the 
potential  for  achieving  >1000  cycles  MTTF. 

2.  Statistical  distribution  for  cells  as  determined  by  Weibull  analysis 
show  distributions  characterized  by  slopes  of  2-3.  The  potential  for 
Improvement  to  distributions  characterized  by  a Weibull  slope  of  5 appears  good. 

3.  Typical  module  tests  resulted  In  obtaining  module  lifetimes  that 
could  be  projected  from  consideration  of  single  cell  lifetime  data.  One 
module  test  was  abruptly  terminated  due  to  electrolyte  leakage  from  cells. 

4.  Experimental  work  at  ANL  with  cells  and  modules  has  demonstrated  the 
operation  of  a module  with  several  failed*  cells.  Individual  cells  were 
tested  In  a mode  simulating  the  operation  of  a failed  cell  In  a series-connected 

Failure  defined  by  the  single  cell  test  criteria  of  (1)  less  than  80$  of 
initial  capacity  or  (2)  less  than  95$  coulomblc  efficiency. 
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Fig.  D-4.  Effect  of  Cell  Replacement  on  Battery  Life. 
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Table  03.  Battery  Maintenance  Cost  for  an  Electric  Automobile 


Cycle  No. 

Cumulative 

Miles 

Maintenance  Work 

Cost* 

1-800 

64,000 

none 

$3,000  (Battery 
purchase) 

800-870 

69,600 

2 cells  replaced 

210 

870-910 

72,800 

1 cell  replaced 

130 

910-975 

78,000 

1 cell  replaced 

130 

970-1000 

80,000 

1 cell  replaced 

13C 

$3,600 

*Battery  cost  to  consumer  taken  as  $1 50/kWh. 
Cell  cost  at  $30/ce11  and  labor  at  $50/hr. 


* 
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string.  These  tests  showed  that  the  voltage  behavior  of  a failed  cell  passed 
through  a voltage  maximum  of  -1.6  V during  discharge  and  then  stabilized  at 
-0.4  V.  The  conclusion  drawn  from  the  single-cell  work  was  that  the 
operation  of  a module  with  a small  percentage  of  failed  cells  might  be 
feasible  If  provisions  for  the  excess  heat  removal  from  failed  cells  were 
made  In  the  design  of  the  thermal  management  system. 

5.  An  analysis  of  battery  life  that  was  based  upon  a hypothetical  cell 
population  that  had  a MTTF  of  1500  cycles,  a Mel  bull  slope  of  5,  and  a 
capacity  loss  rate  of  2X/100  cycles  was  made.  The  analysis  suggests  that  a 
battery  lifetime  of  1000  cycles  Is  achievable  with  a replacement  of  5 cells. 
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X.  INTROPPCTXOM 

This  roport  boo  boon  prepared  under  JPL  Contract  Mo.  956761  in  aupport  of  the 
Jet  Propulolon  laboratory  Electrle  and  Hybrid  Vahlele  Project. 

Research  and  development  on  llthlun  alloy-metal  sulfide,  nolten  salt 
electrolyte  rechargeable  batteries  has  been  ongoing  at  Gould  since  the  mid- 
1970s  until  the  present  time.  This  effort  was  Initially  supported  by  DOE 
contracts  via  the  Natlonel  Laboratories  (ANL,  SNL,  LBL)  and  more  recently  by 
contracts  from  the  Air  Force  and  EPR1  In  addition  to  funds  from  Gould. 

The  lithium- sulfur  system  is  generic  In  nature,  In  that  there  are  a number  of 
choices  possible  for  both  the  negative  and  positive  electrode  active 
materials.  The  most  energetic  electrochemical  couple  would  be  that  of 
elemental  lithium  and  elemental  sulfur.  However,  since  both  these  electrodes 
would  be  molten  at  the  battery  operating  temperature,  it  Is  extremely 
difficult  to  engineer  a practical  cell  design.  Consequently  the  technology 
has  evolved  by  sacrificing  some  of  the  specific  energy  offered  by  the 
elemental  lithium  and  sulfur  electrodes  and  employing  lithium-alloy  negative 
electrodes  and  metal-sulfide  positive  electrodes.  These  latter  type 
electrodes  permit  practical  engineering  cells  to  be  built  since  the  electrodes 
are  solid  at  the  cell  operating  temperatures  of  350-475°C;  the  melting  point 
of  the  salt  electrolyte  dictates  the  operating  temperature  range.  The  lithium 
alloys  which  have  received  greatest  attention  are  lithium-aluminum  (e.g.  20 
w/o  Ll:80  w/o  Al)  and  lithium- silicon  (e.g.  43  w/o  Ll:57  w/o  SI);  each  of 
which  offers  particular  advantages  In  terms  of  properties  and  cell 
performance.  Host  of  the  early  engineering  cell  development  was  performed 
with  Ll-Al  negative  electrodes,  however,  more  recently  the  Gould  development 
effort  has  chosen  to  use  a physical  mixture  of  the  two  binary  alloys  Ll-Al  and 
Ll-Sl  in  order  to  take  advantage  of  the  characteristics  of  each  alloy. 

Similarly,  there  are  a number  of  possible  alternatives  that  can  be  considered 
for  the  positive  electrode  from  the  metal  ehalcogenldes.  In  particular,  the 
sulfides  of  iron  have  received  the  greatest  attention  since  they  are  plentiful 
and  hence  relatively  inexpensive.  Although  iron  disulfide  is  more  energetic 
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thon  eho  monoaulflde  It  hoc  not  boon  considered  in  this  study  sines  its  use 
noeossitotoo  the  onployaont  of  rolotlroly  oxotle  end  therefore  expensive 
as ter is Is  (e.g. , molybdenum)  for  the  positive  eleetrode  current  eolleetion 
systen.  The  cost  of  such  e current  eolleetion  system  is  prohibitive  to  be 
considered  in  the  neer  tors  for  the  electric  vehicle  eppllcetlon. 
Consequently  for  this  study  iron  aonosulfide  (FeS)  hes  been  considered 
exelusively  since  the  material  is  inexpensive  end  con  reedily  be  incorporeted 
into  prectlcel  cell  designs  in  the  time-frame  relevent  ^o  this  study  re-early 
1990s. 

To  dote,  the  Ll-MS  work  et  Gould  hes  been  devoted  primer! ly  to  cell 
development,  rether  then  the  complete  bettexy  system  end  therefore,  we  hsve 
limited  knowledge  to  fully  eddress  ell  espects  of  the  bettery  system  design. 
However,  this  report  hes  been  prepsred  in  close  colleboretlon  with  fellow  Li- 
HS  developers  et  ANL  end  it  is  the  intention  of  the  Gould  report  to 
corroborete  the  ANL  projections  where  possible  by  experimentel  dote  end 
relevent  studies  performed  et  Gould  under  verious  contrects. 

II.  PERFORMANCE  MODELING 

In  performing  this  study,  two  beslc  cell  configure tions  heve  been 
considered.  These  ere  e conventlonel  oonopoler  prismetic  cell  design,  in 
whleh  electrodes  of  the  seme  polerity  ere  connected  in  perellel  within  the 
cell  end  e bipolar  configure tion  in  which  the  electrode  elements  ere  stecked 
in  series.  The  monopolar  prismetic  design  is  the  current  "stete-of- the-ert" 
which  hes  been  developed  exten* Ively  during  the  DOE  progress  et  ANL,  Gould  end 
Eegle  Picher  end  is  currently  being  pursued  for  a 9-cell  bettery  demonstretion 
in  the  EPRI  vsn  bettery  progrem.  With  minor  Improvements  to  existing 
technology  this  prismatic  design  is  well  capable  of  meeting  the  commuter  car 
and  van  raqulrements  (sea  Table  l). 

The  bipolar  design  which  is  currently  being  developed  at  Gould  and  the 
Admiralty  Materials  Technology  Establishment  (ANTE)  in  the  UK,  hes  the 
potential  for  significant  performance  improvement  over  the  monopolar  design 
particularly  in  terms  of  power  and  energy  density  since  the  current  path 
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within  the  electrodes  is  significantly  reduced  and  the  currant  collection 
systen  is  greatly  simplified  with  a concooltant  reduction  In  weight.  Hence,  a 
bipolar  design  Is  desirable  for  the  hybrid  and  full  performance  EV  where  high 
power  and  high  energy  densities  are  required  respectively  (see  Table  1). 

The  specific  energy  and  peak  power  projections  for  the  LI  alloy  - FeS  system, 
for  the  various  classes  of  batteries  In  Table  1,  are  given  In  Tables  2 and  3 
respectively. 

For  the  prismatic-monopolar  cell,  calculations  have  been  based  on  a seven 
plate  design,  (l.e.  3 positive  electrodes  and  4 negative  electrodes).  The 
negative  and  positive  electrodes  are  pressed  plaques  of  a 80  w/o  L1AI-20  w/o 
L1S1  mixture  and  Iron  monosulfide  (FeS)  respectively.  The  separator  Is  a high 
surface  area  magnesium  oxide  powder.  Each  of  these  three  components  also 
contain  the  alkali-halide  salt  electrolyte.  The  prismatic  design  has  been 
selected  for  the  commuter  car  and  van  applications  since  the  performance 
requirements  for  these  can  be  met  with  minor  improvements  in  the  current 
technology. 

The  bipolar  design  was  selected  for  the  full-performance  EV  and  the  hybrid 
vehicle  since  such  a design  offers  the  best  prom  se  of  achieving  the  high 
energy  and  power  densities  required  in  these  applications. 

The  methodology  used  in  projecting  the  performance  of  the  monopolar  and 
hlpolar  batteries  are  discussed  in  Appendices  A and  8 respectively. 
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Table  1 


Battery  Energy  and  Power  Requirements  for  Electric  and  Hybrid  Vehicles 


Specific  Energy  Peak  Power  Power: 

Vehicle  Total  Battery  Vehicle  Total  Battery  Vehicle  Energy 

Type  kWh  Vh/kg  Vh/kg  kV  V/kg  V/kg  Ratio 


Commuter 

12 

67 

12 

25 

140 

25 

• 

2.08 

General  Purpose 

EV  or  Commercial 
Van 

25 

50 

12 

60 

120 

25 

2.40 

Hybrid 

15 

50 

9 

50 

167 

30 

3.33 

Full-Performance 

EV 

50 

155 

30 

50 

153 

30 

1.0 

1 

i 
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Tablo  2 Spaelfic  Energy  with  Discharge  Rate  for 
Li  AlloyFeS  Batteries 


Battery  Battery  Battery  Specific  Energy  (Vh/kg)* 

Class  Dasignation  Design  at  Various  Discharge  Rates  (V/kg) 

20  60  80  100  200 


l 

Present 

Monopolar 

54 

43 

40 

37 

0 

2 

Commuter  & 
3/4  Ton  Van 

Monopolar 

74 

62 

56 

54 

0 

3 

Full- 

Performance 

Bipolar 

116 

4 

94 

85 

76 

32 

4 

Hybrid 

Bipolar 

108 

88 

79 

71 

30 

* The  battery  specific  energy  has  been  calculated  by  derating  the  cell 
specific  energy  by  25*30%. 


Table  3 Peak  Power  at  Various  States  of  Charge 
for  Li  Alloy-FeS  Batteries 


Battery  Battery  30  Sec  Power  Capability  (U/kg)  at 

Class  Designation  Design  Various  States  of  Charge 


1 

Present 

Monopolar 

2 

Commuter  4 
3/4  Ton  Van 

Monopolar 

3 

Full- 

Performance 

Bipolar 

4 

Hybrid 

Bipolar 

80% 

50% 

30% 

10% 

155 

125 

95 

45 

200 

165 

125 

60 

272 

233 

188 

129 

254 

217 

175 

120 
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III.  COST  PROJECTIONS 

Tho  projected  OEM  price  for  lithiun  alloy-iron  monosulflde  botterlea  for  the 

different  cloaaea  of  vehicles  ia  shown  in  Table  4. 

The  baaia  for  theae  coat  projectiona  la  given  in  Appendix  C* 

IV.  TECHNICAL  SUPPORT  fOR  PROJECTIONS 

The  neln  departures  fron  the  state-of- the-art  technology  thet  were  considered 

in  making  the  performance  and  cost  projectiona  were  aa  follows: 

(I)  A bipolar  battery  dealgn  was  chosen  for  the  hybrid  and  full-performance 
electric  vehicles  since  this  has  the  potential  for  the  high-power  and 
hlgh-anergy  outputs  required  by  these  classes  of  vehicle. 

The  feasibility  of  succass  of  a bipolar  design  depends  on  eliminating 
stray  conductive  paths,  both  electronic  and  ionic,  between  the  cells  in 
the  battery  stack  which  would  otherwise  allow  shunt  currents  to 
discharge  the  stack.  One  of  the  main  sources  for  these  stray  conductive 
paths  is  electrolyte  bridging  between  cells  and  to  the  battery  case. 
However,  the  immobilised  electrolyte -powder  separator  concept  being 
developed  at  Gould  and  ANTE  in  the  UK  la  an  approach  which  could  lead  to 
a solution  to  this  problem  and  therefore  greatly  simplify  the  design  of 
peripheral  seals  required  to  Isolate  calls  in  the  stack.  Initial  testa 
on  bipolar  stacks  at  Gould  Hava  producad  very  promising  results  and  this 
work  is  to  be  pursued  under  our  present  EPR1  contract. 

The  other  advantage  of  a bipolar  design  is  that  the  current  collection 
system  is* less  complex  than  a monopolar  design,  and  therefore  the  part 
count,  weight  and  cost  are  all  reduced. 

(II)  The  materials  considered  in  the  costing  of  both  the  monopolar  and 
bipolar  batteries  are  those  presently  used  in  the  Gould  technology. 
However,  some  cost  reductions  could  be  readily  brought  about  by 
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utilising  loss  expansive  aatcrlals  If  oao  Is  willing  to  accspt  sous 
•odast  loss  la  performance  In  olthor  specific  energy  and/or  power. 

The  coll  and  electrode  containment  hardware  and  the  current  collection 
systea  which  are  currently  fabricated  frou  stainless  stsel  and  nickel 
respectively  could  be  weds  frou  a lew  carbon  steel.  The  consequence  of 
such  a change  would  be  a heavier  cell  (l.e.  lower  specific  energy)  If 
the  strength  of  the  contalnnent  hardware  at  the  battery  operating 
temperature  and  the  conductivity  of  the  current  collection  systea  are  to 
be  maintained.  Alternatively,  some  relaxation  In  the  conductivity  of 
the  current  collection  systea  would  probably  result  In  a cell  with 
reduced  power  capabilities  especially  at  low  states  of  charge.  The  life 
of  the  battery  may  be  affected  also  If  less  expensive  alloys  are  chosen 
for  the  hardware  since  their  corrosion  resistance  Is  more  than  likely  to 
be  Inferior  at  the  elevated  operating  temperatures,  (l.e.  450-500OC). 
Similarly,  the  selection  of  the  negative  active  material  may  govern  the 
choice  of  alloy  for  the  hardware,  especially  the  current  collector. 

From  the  cost  analysis  summarised  In  Appendix  C however,  It  can  be  seen 
that  the  cost  of  the  lithium  bearing  compounds  are  a major  portion  of 
the  battery  cost  (l.e.  “40%).  If  a significant  reduction  Is  to  be  made 
therefore  In  the  cost  of  llthlum*metal  sulfide  batteries  It  Is  In  this 
area  which  the  greatest  savings  could  be  realized. 

The  two  obvious  ways  In  which  the  lithium  bearing  material  cost  can  be  reduced 

are; 

I)  Reduce  the  quantity  of  lithium  bearing  compounds  or  replace  with  cheaper 
alternatives. 

II)  Identify  a low  cost  source  of  lithium  and  develop  Inexpensive 
manufacturing  processes  to  produce  the  required  lithium  compounds. 

Examples  of  these  would  be  to  bullc  cells  which  ere  negative  electrode  limited 

and  starved  In  electrolyte.  In  addition  a change  In  electrolyte  composition 
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fron  the  urnary  lithlun  halldo  aalt  to  tho  binary  L1C1-KC1  electrolyte  would 
■lgnlflcantly  reduce  the  oloctrolyU  coat  since  lithlun  bronldo  la  the  najor 
constituent  in  tho  tornary  salt  oloctrolyU. 

A low  coat  aourco  of  lithlun  la  lithlun  carbonate  which  la  currently  available 
aa  an  Iten  of  conanrc*.  The  conversion  of  lithlun  carbonate  Into  other 
lithlun  conpounda  suitable  for  building  llthlua*aeul  sulfide  batteries  has 
boon  explored  to  sons  depth  by  Chllenskas  at  al  at  ANL.  X refer  you  to  their 
report^  and  analysis  In  which  they  have  shown  the  potential  for  reducing  the 
cost  of  llthiun-lron  sulfide  batteries  below  the  $l34-127/kVh  range  projected 
In  this  report. 

V.  ENERGY  BALANCE 


An  energy  balance  for  a vehicle  operating  on  a JPL  codified  FUD  schedule  (see 
Figure  1)  h*s  been  developed  based  on  daU  fron  JPL  and  the  following 
assumptions; 

1)  Vehicle  test  weight  1660  kg. 

2)  Battery  weight  488  kg. 

3)  Average  speed  for  cycle  3,  46x5/8x60/88-19.6  nph. 

4)  Tine  for  cycle  3f  436/3600-0.121  h. 

3)  Distance  covered  in  cycle  3t  19.6x0.121-2.37  miles. 

6)  ToUl  dlsUnce  per  day  12x2.37-28.4  alias. 

7)  Battery  heat  loss  at  operating  temperature  - 150  U. 

8)  Charger  efficiency  65X  (D.C.  out/A. C.  in). 

9)  Battery  efficiency  80Z  (D.C.  out/D. C.  in). 

10)  Battery  Heat  Capacity  0.25  Vh/kg  °C. 

11)  Battery  Specific  Energy  75  Vh/kg. 

An  energy  balance  dlagran  la  shown  in  Figure  2 for  performing  the  JPL/FUD 
driving  schedule  over  a period  of  24  hours.  Each  of  the  aajor  components  in 
the  system  are  identified  along  with  the  input/output  energy. 
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Figure  1 JPL  modified  Federal  Urban  Driving  Schedule  for  24  hour  period. 


Figure  I? 

Kncrgy  Over  24  Hours  for  JW./FOD  Schedule 
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A summary  of  <ie  overall  energy  conauaptlon  and  afflc&aney  coefficients  are 
given  in  Tab;.*  5 while  as  tine  tea  for  the  in-use  energy  conauaptlon  are  given 
in  Table  6. 


Table  5 Energy  Conauaptlon  Sui 

battery  heat  loss  per  24h. 

Battery  I*R  heating  during  operation  over  24h 

External  heating  required  to  maintain  battery 
teaperature  over  24h. 

Total  A.C.  Energy  Required 

Battery  O.C.  Output 

Vehicle  Energy  Consumption 

Overall  Energy  Efficiency 

Battery  heat  energy  generated  during 
segment  1 of  JPL/FUD  cycle. 

Maximum  temperature  rise  of  battery  during 
segment  1 of  JPL/FUD  cycle. 

Energy  required  to  raise  battery  temperature 
from  R.T.  to  45doc. 

Total  Battery  Energy 

Depth  of  Discharge  to  drive  JPL/FUD  cycle 


3600  Uh 
1707  Wh 

1993  Wh 
363  Wh/mlle 
233  Wh/mlle 
142  Wh/ tonne  mile 
65% 

854  Wh 
7oc 

33  kWh 
36.6  kWh 
19% 
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Tabla  6 Eatlaataa  of  ln*Usa  Energy  Coniuep  tlon 


Parana tort 


Soanonta 


Start  up  and 
Shut  down 


Mona  required!  Battary  capabla  of  maintaining  its 
oparatlng  tamparatura 


Seif -Discharge  (Uh)  22 


Shunt  Currant 


Parasitica 


Thermal  Loss  (Vh) 


Charge  Eff.  (battary 
AC  in  /DC  out 
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VI.  LIFE  CONSIDERATIONS 

A.  Cyclo  Llfo 

Tho  cycle  llfo  of  Could  engineering-size  colls  (l.o.  theoretical  capacity 
based  on  the  positive  electrode  in  the  range  of  120-240  Ah)  is  currently 
around  S00  cycles  with  a number  of  cells  having  exceeded  800  cycles.  The 
prospects  for  achieving  1000  cycles  mean-time-to-failure  (MTTF)  therefore  in 
tho  next  few  years  is  reasonably  high. 

Gould  has  limited  experience  in  testing  small  battery  modules  (l.e.  3 to  10 
cells  connected  in  a series  string),  however  results  from  this  work  indicate 
that  generally  one  would  expect  simillar  lifetimes  from  modules  as  from 
individual  cells  provided  that  the  series  string  of  cells  is  periodically 
balanced.  The  current  status  of  cycle  life  for  engineering  size  cells  is 
discussed  in  Appendix  D. 

B.  Life  Effects 

The  degradation  in  specific  energy  with  cycling  has  been  progressively  reduced 
during  the  development  of  lithium  alloy-iron  monosulfide  ceils  from 
approximately  0.072  per  cycle  to  0.02%  per  cycle  for  cells  discharged  at  the 
C/3  rate.  Data  generated  under  the  Air  Force  contract  indicates  that  the 
degradation  in  specific  energy  with  cycling  la  dependent  on  the  discharge  rate 
and  the  depth  of  dlacharge.  Aa  would  be  expected  the  higher  the  discharge 
rate  or  greater  the  depth  of  discharge  the  faster  is  the  decline  in  specific 
energy  with  cycling. 

The  coulombic  efficiency  of  new  cells  after  formation  can  be  as  high  as  99%, 
however,  this  can  be  somewhat  lower  («4%)  depending  on  the  overall  charge- 
discharge  cycle  time  since  the  cells  have  e finite  leakage  current  in  the 
range  of  130-300mA.  With  cycling  there  is  a very  gradual  decline  in  coulombic 
efficiency  until  the  point  of  cell  failure  when  it  drops  dramstically. 
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In  snail  battery  nodule  tests,  calls  which  hare  developed  a partial  short  have 
been  found  to  contribute  to  the  battery  capacity  for  a portion  of  the 
discharge  cycle. 

The  theraal  characteristics  of  cells  during  operation  ever  aany  cycles  has  not 
Mean  thoroughly  investigated.  However,  from  the  extensive  number  of  cell 
tests  performed  there  is  little  evidence  of  a substantial  change  in  the  cell 
nhctge- discharge  temperature  profile  with  cycling.  The  largest  increases  in 
cell  temperature  above  the  normal  operating  temperature  of  ~450°C  occur  when 
cells  are  discharged  at  very  high  rates  (e.g.  "30,  in  such  cases  cell 

temperatures  have  been  observed  In  excess  of  520OC  at  the  end  of  discharge. 

C)  Failure  Modes 

As  indicated  in  the  previous  two  sections  the  main  failure  modes  identified 
foT  lithium  alloy-iron  monoaulfide  cells  are  i)  loss  in  capacity  and  ii) 
decrease  in  couloabic  efficiency.  Initially,  loss  in  capacity  was  the 
predominant  mode  of  failure  but  the  most  recent  series  of  cell  tests  indicate 
that  the  decline  in  coulombic  efficiency  is  now  the  primary  failure  mode.  The 
mechanism  by  which  the  decline  in  coulombic  efficiency  occurs  has  not  yet  been 
elucidated,  other  than  that  it  is  attributed  to  the  development  of  a 
conductive  path  or  paths  between  the  electrodes.  Metallographic  examination, 
performed  by  J.  Battles  of  ANL,  on  some  earlier  Gould  cells  indicate  that  the 
conductive  paths  are  due  to  the  deposition  of  iron  within  the  powder  separator 
layer  and  positive  active  material  axudation,  however  there  have  been  a number 
of  changes  in  the  more  recent  Gould  cells  and  these  have  not  yet  been 
.examined. 

VII.  OTHER  OPERATIONAL  CHARACTERISTICS 
A.  Special  Charge  Requirements 

The  normal  charge  and  discharge  reactions  in  lithium  alloy-iron  monosulfide 
ceils  result  in  the  formation  of  solid  products  without  gasaous  side 
raactions.  This  permits  the  cells  to  be  hermetically  aaaled  and  eliminates 
tike  need  for  electrolyte  additions. 
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Infornatlon  on  tha  affaeta  of  overcharging  and  overdlacharglng  Li  *lloy-F«S 
ealla  baa  boon  obtalnad  fro*  tharnodynanlc  data,  call  taat*  and  metallographlc 
axanlnatlon  of  call*  of tar  cycling* 

Tha  npr.ar  cut-off  voltage  on  charge  noraally  uaad  for  LlAl-FeS  call*  la  1.55  V 
(IR-included)  and  1*65  V for  LlAl:LlSl-FeS  calla*  Vhan  theae  upper  charge 
ent-off  voltagaa  are  axeaadad,  tha  flrat  najor  overcharge  reaction  which 
occur*  at  approximately  1.8  V (IR-fraa)  la  aa  follow*: 

Fa  + 2L1C1  + 2A1  ♦ FeCl2  + 2LIA1 

Thla  reaction  involves  any  free  iron  in  tha  FaS  electrode  to  form  FaCl2  anc' 
the  depoaition  of  additional  llthlun  in  negative  electrode.  On  extended 

overcharge  the  FeCl2  c4n  the  positive  electrode  and  permeate  the 
separator  where  it  la  reduced  to  iron  and  thus  cause  a short.  In  the  case  of 
the  negative  electrode  the  lithium  concentration  can  become  sufficiently  high 
that  it  forms  a liquid  metal  phase  in  the  electrode  which  can  also  ultimately 
lead  to  a short. 

The  normal  lower  cut-off  voltage  on  discharge  for  Li  alloy-FaS  cells  is  in  the 
range  1.0^0. 9 volts  (IR- Included).  The  principal  overdischarge  reaction  is; 

Ai  ♦ 3L1C1  ♦ A1C13  + L1 

which  occurs  at  -1.5  V (IR-free).  In  this  case,  aluminum  in  the  negative 
electrode  is  oxidised  to  form  AlCl3»  whlch  l*  •ol^le  in  the  electrolyte,  and 
metallic  lithium  is  deposited  on  the  positive  electrode.  The  cell  under  these 
conditions  is  in  e state  of  reversal.  If  discharging  is  continued  then  the 
cell  eventually  short  circuits  due  to  the  deposition  of  metallic  aluminum  in 
the  separator  or  the  formation  of  liquid  lithium  at  the  iron  sulfide 
electrode. 

Experience  has  shown  that  cells  are  much  more  forgiving  after  being  subjected 
to  overdischarge  than  to  overcharge.  Indeed  a number  of  cells  which  have  been 
driven  into  reversal  have  fully  recovered  their  initial  capacity  after  being 
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subjected  to  a alow  rate  charge*  In  the  case  of  sevarely  overcharged  calls  no 
recovery  has  bean  possible. 

In  order  to  as  in  tain  the  full  capacity  of  the  Li  alloyFeS  battery  during 
operation  it  will  be  necessary  to  periodically  equalise  the  individual  cells 
in  the  battery.  The  labalance  In  the  battery  is  brought  about  by  the  small 
variation  in  coulonbic  efficiency  of  the  cells.  Tests  at  Gould  on  10-cell 
series-string  batteries  have  shown  that  it  takes  a number  of  cycles  before  a 
significant  amount  of  capacity  is  unavailable  due  to  Imbalance  in  the  cells 
and  therefore  it  is  anticipated  that  the  equalisation  charging  would  be 
required  at  most  on  a weekly  basis.  This  suggests  that  fleet  vehicles  could 
be  operated  with  an  inexpensive  battery  charger  dedicated  to  each  vehicle  for 
most  of  the  overnight  charging  and  that  one  more  expensive  charger-equalizer 
unit  could  be  rotated  among  a minimum  of  seven  vehicles.  Concepts  for 
charging  and  equalisation  of  Li  alloy-FeS  batteries  are  under  investigation  by 
ANL  in  the  EPRI  program. 

It  is  anticipated  that  periodic  complete  discharge  will  not  be  necessary  for 
Li  alloy-FeS  batteries. 

6.  Maintenance  Requirements 

Regular  maintenance,  other  than  a periodic  charge  and  equalisation,  will  not 
be  required  for  a Li  alloy-FeS  battery  since  the  cells  are  sealed;  therefore 
no  electrolyte  addition  la  necessary.  The  cell  equalisation  can  be  readily 
accomplished  overnight. 

The  operating  temperature  range  of  the  battery  will  be  controlled 
automatically  by  a sophisticated  thermal  management  system  which  is  capable  of 
heating  and  cooling  the  battery  on  demand.  It  is  envisaged  that  a separate  AC 
circuit  will  be  Incorporated  into  the  charging  units  to  provide  power  to  the 
resistive  battery  heaters.  This  arrangement  will  maintain  the  battery 
temperature  during  charging  or  for  periods  of  Intermediate  standing.  For 
longer  term  storage  and  major  overhaul,  the  battery  can  be  cooled  to  room 
temperature  and  then  brought  back  into  service  by  reheating  to  operating 
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taaparatura.  Tha  advantage  in  overhauling  tha  battery  at  roou  tauparatura  Is 
that  it  will  bo  alactrlcally  aafa  which  la  not  the  caaa  with  ambient 
taaparatura  battery  systems. 

An  electric  vehicle  battery  will  coapriae  a nuaber  of  multi-cell  aubaodule 
unite.  Hence,  one  refurblahaent  acenarlo  would  be  to  replace  tha  complete 
aubaodulea  in  which  there  are  failed  cell*  by  either  new  or  reconditioned 
aubaoduloa.  The  aubaodulea  removed  from  the  battery  could  then  be  dismantled 
and  rebuilt  with  the  appropriate  number  of  new  cella  for  a future 
refurbishment  of  the  battery.  Replacement  of  a few  cells  (<10X  of  total 
number  in  battery)  would  no  doubt  be  more  cost  effective  than  replacing  the 
complete  battery  and  should  extend  the  life  of  the  battery  substantially  (see 
ANL  Analysis  in  Appendix  D of  their  report). 

VIII.  PACKAGING  FLEXIBILITY 

A.  Volumetric  Considerations 

At  Gould  we  have  not  yet  designed  a full-size  EV  battery  for  a specific 
application  and  therefore  can  only  address  the  volumetric  requirements  of  a 
battery  in  general  terms.  There  are,  however,  a number  of  design  criteria 
which  have  to  be  satisfied  in  order  to  maximize  the  volumetric  energy  density 
of  the  battery,  these  are: 

I)  Minimize  the  battery  surface  area:  volume  ratio  and  thus  minimize  the 

heat  losses.  Obviously  a battery  in  the  form  of  a cube  would  best 
satisfy  this  condition,  but  vehicle  design  usually  dictates  that  the 
length  of  the  battery  is  at  least  a factor  of  two  greater  than  the  width 
or  the  height* 

e 

II)  The  Insulated  battery  enclosure  need  only  be  large  enough  to  hold  the 
desired  number  of  battery  submodules,  the  intermodule  connectors,  charge 
control  wires  and  the  heat  exchanger  system  which  will  heat  and  cool  the 
battery  to  maintain  tha  desired  operating  temperature  range. 
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ill)  The  vail  thickness  of  the  lnsulative  enclosure  should  be  as  thin  ss 
possible.  However,  the  thickness  depends  on  the  thermal  conductivity 
value  of  the  Insulation  and  the  heat  loss  which  is  tolerable  in  order  to 
operate  the  battery.  The  lowest  conductivity  insulation  is  the  nost 
expensive  end  hence  there  is  an  econonlc  trade-off  to  be  considered 
between  the  various  types  of  insulation  avallabla. 

In  order  to  obuin  en  approxlnate  range  for  the  volunetrlc  energy 
density  of  Li  alloy-FeS  batteries  the  following  assumptions  have  been 
made* 

(1)  Density  of  Li  alloy FeS  cells  ~2  g/cn3  (kg/1) 

(11)  Veil  thickness  of  lnsulative  enclosure  ~2.3  cm 

(ill)  Thickness  of  lnsulative  end  plug  “7.3  cm 

(lv)  Heat  exchanger  occupies  *15%  of  lnsulative  enclosure 

(v)  From  assumptions  (i)-(iv)  density  of  battery  (Including  enclosure) 

*1.3  g/cm3  (kg/i) 

(vl)  Volumetric  energy  density  (Wh/t)  ■ Gravimetric  energy  density 

(Vh/kg)  x density  (kg/i) 

Hence  from  the  cell  and  battery  densities  plus  the  gravimetric  energy  density 
values  calculated  in  Appendix  k and  Ubulated  in  Table  2 a range  of  volumetric 
energy  densities  can  be  derived  which  range  from  1.3  to  2 times  the 
gravimetric  energy  density.  It  should  be  noted  that  the  smaller  the  battery 
• iso  in  terns  of  cepaclty  (kWh),  the  greaur  will  be  the  volume  fraction  of 
the  lnsulative  enclosure,  and  hence  the  volumetric  energy  density  will  be 
lower  the  smaller  battery  else  even  though  identical  battery  submodules  can  be 
used  in  different  sise  batteries. 
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0.  8i«o  Limitations 

Tho  LI  alloy-FeS  electrochemical  system  permits  groot  flexibility  in  the 
dooigo  of  both  monopolar-prismatic  cello  end  blpoler  betterlee.  In  the 
development  of  the  eyoteo  o number  of  different  electrode  olteo  here  been  used 
in  engineering  cello  free  7.3  cn  x 12.5  ca  to  oo  lorge  oo  30  ca  x 30  ca.  The 
choice  of  electrode  else,  tblckneoo  end  nuaber  will  greatly  depend  upon  the 
battery  requlreaento  in  torus  of  power  end  energy.  In  general  the  high  power 
battery  would  coaprloe  aany  email,  thin  electrode*  wherea*  the  high  energy 
battery  would  coaprloe  few,  large,  thick  electrode*.  However,  it  1*  usually 
necessary  to  aake  conproalse*  In  both  power  aud  energy  to  obtain  optimum 
battery  perforaance.  The  larger  electrode  design*  tend  to  have  non-uniform 
current  distribution  on  the  electrodes  which  result  in  reduced  active  material 
utilisation  and  Increased  thermal  problems,  consequently  an  electrode  sloe  of 
*200  cm2  i*  presently  being  considered  for  the  EV  application.  A typical  EV 
monopolar  cell  design  is  shown  in  Figure  3.  The  one  feature  of  the  design 
which  permit*  a significant  reduction  in  the  cell  voluae  is  the  height  of  the 
terminals,  partlcuUrly  the  positive,  above  the  main  body  of  the  cell.  A 
substantial  portion  of  the  positive  terminal  length  is  devoted  to  the 
feedthrough  seal  which  electrically  isolates  the  terminal  from  the  cell 
container.  Hence  if  a low  profile  ceramic- to-metal  seal  is  developed  for  the 
positive  feedthrough  then  the  length  of  the  terminals  could  be  significantly 
reduced  with  the  consequential  Improvement  in  volumetric  energy  density. 

C.  Special  Considerations 

The  complete  Li  alloy-FeS  battery  comprise*  a hlgh-efflclency  insulating 
enclosure,  a heating  and  cooling  system,  current,  voltage  and  temperature 
leads  and  control  instrumentation  packaged  as  an  Integral  self-contained 
unit.  The  cooling  media  will  be  circulated  to  the  heat  exchanger  by  a small 
electric  fan  mounted  adjacent  to  the  battery. 
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0.  Scale  Effects 

« 

Detailed  tea line  factors  hare  not  yet  boon  derived  for  batteries  in  the  range 
of  10-50  kWh.  However,  since  the  Li  alloy-PaS  systen  pern its  great 
flexibility  in  design  paransters  (l.e*  also,  thickness  and  nun bar  of 
electrodes)  it  should  be  possible  to  develop  high  performance  batteries  over 
the  range  of  interest* 

Batteries  oi  a nonopolar  prismatic  design  will  be  used  first  to  demonstrate 
the  feasibility  of  high  tenperature  lithium- natal  sulfide  batteries  In 
electric  vehicles,  but  the  ultimate  performance  of  the  system  in  this 
application  will  be  realised  in  a bipolar  battery  design. 


Prepered  for  Jot  Propulsion  Le  bore tor les  Gould  Ros torch  Center 

Peeedens,  CA  91109  Me ter it Is  & Devices  Leboretory 

Contrcct  Mo.  956761  Kerch  12,  1984 


ACKNOWLEDGEMENT 


This  report  wes  prepered  in  support  of  the  Jet  Propulsion  Leboretory  Electric 
end  Hybrid  Vehicle  Project,  under  Contreet  Mo.  956761  end  in  colleboretloo 
with  fellow  Li-MS  bettery  developers  et  Argonne  Metlonel  Leboretory  who  heve 
elso  written  i sinll&r  report  for  the  JPL  Project. 


References 


1) 


Chileuskes  end  Shiaoteke  "Perforaence/Cost  Projections  for  Llthlun/Iron 
Sulfide  Betteries".  Report  prepered  for  JPL  undir  Electric  4 Hybrid 
Vehicle  Program. 


Prepared  for  Jot  Propulsion  Laboratories  . Gould  Research  Con tor 
Pasadena,  CA  91109  Materials  & Devices  Loboro tory 
Contract  Mo.  9S6761  March  12,  1984 


Appendix  A 

PRISMATIC-MONOPOLAR  BATTERY  PERFORMANCE  PROJECTIONS 


1.  Specific  Energy 

The  current  technology  data  presented  in  Table  2 has  been  generated  from 
recent  tests  on  prlsmatlc-monopolar-multlplata  cells  which  have  a theoretical 
capacity  of  ~240  Ah  and  a height: width  aspect  ratio  of  ~0.7.  This  particular 
cell  design  has  evolved  over  several  years  during  a DOE  contract  with  ANL  and 
more  recently  a contract  with  the  Air  Force.  The  cell  developed  for  the  Air 
Force  had  a theoretical  capacity  of  ~120  Ah  and  an  aspect  ratio  of  -0.7 . 
However,  many  of  the  design  features  employed  in  the  Air  Force  cell  have  now 
been  incorporated  into  a larger  capacity  cell  (i.e.  240  Ah)  for  an  electric 
van  application  under  our  current  contract  with  EPRI. 

battery  specific  energy  data  at  various  discharge  rates  are  plotted  in  Figure 
A-i.  These  plots  have  been  obtained  by  derating  the  cell  specific  energy  data 
by  25%.  This  is  an  average  derating  factor  one  might  expect  when  the  weight 
of  all  the  ancillary  battery  hardware  and  thermal  management  system  are 
accounted  for  in  a high  temperature  battery  design. 

The  'projected*  performance  of  a monopolar  battery  also  shown  in  Figure  A-l 
has  been  derived  from  a second  iteration  of  the  cell  design  currently  being 
evaluated  under  the  EPRI  program.  By  optimising  the  first  design  it  has  been 
possible  to  significantly  reduce  the  weight  of  the  cell,  particularly  the 
hardware,  without  making  any  change  to  the  quantity  of  electrochemlcally 
active  materials.  Hence  it  is  projected  that  this  cell  will  exhibit  a 
significant  improvement  in  performance.  The  projected  cell  performance,  again 
has  been  derated  by  25%  in  order  to  obtain  the  battery  specific  energy. 


11.  Peak  Power 


The  peak  power  data  for  the  current  technology  and  the  'projected'  prismatic- 
monopolar  battery  are  plotted  in  Figure  A-2.  The  current  technology  data  are 
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BATTERY  OUTPUT  <Wh/kg) 


Figure  A-1  Specific  energy  of  a prismatic  monopolar  lithium  alloy* 
iron  sulfide  battery  as  a function  of  constant  power 
discharges. 
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% STATE  OF  CHARGE 


Figure  A-2  Paak  power  (30sec  of  orismstic  monopolar 
lithiunviron  tulfida  battariai  at  various  states  of 
charge. 
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experimental  roaulta  fros  tho  oaso  calls  as  voro  usad  for  tha  spadfic  anorgy 
■aasuranonts.  Tha  "projected"  data  was  ganoratad  fros  tha  aacond  Iteration 
call  daslgn  mentioned  prariously.  All  call  data  was  daratad  by  25X  in  order 
to  aatisata  tha  battery  peak  power  performance* 
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Appendix  B 

BIPOLAR  BATTERY  PERFORMANCE  PROJECTION 


An  analysis  has  boon  porforaod  in  ordor  to  project  tho  porforaonco  that  eould 
bo  oxpoctod  from  a bipolar  typo  lithium-iron  nonooulfido  battory  which 
utilizes  tho  immobilized  electrolyte-powder  separator  concept  that  Gould  has 
boon  actively  pursuing  sines  1980.  this  preliminary  analysis  has  boon  limited 
to  projecting: 

I)  The  specific  energy  profile  of  a battery  discharged  at  constant 
power  In  the  range  20-200  V/kg. 

II)  Ths  peak  power  performance  of  the  battery  as  a function  of  the  state- 
of -charge  as  defined  for  a nominal  C/3  discharge  rate. 

I.  The  Bipolar  Design 

The  electrochemical  couple  proposed  in  the  bipolar  design  Is  the  same  as  that 
employed  in  the  prismatic-monopolar  design.  This  is  a L1A1:L1S1  alloy 
negative  electrode  and  an  iron  monosulfide  positive  electrode  operated  in  a 
ternary  lithium  halide  electrolyte  (11: Br,  F,  Cl)  in  the  temperature  range  of 
450-SOOoc.  The  separator  is  also  the  magnesium  oxide  powder  type. 

A conceptual  design  of  the  proposed  bipolar  battery  is  shown  in  Figure  B-l. 
The  basie  components  of  the  battery  are  the  bipolar  element,  the  current 
collector-terminal-feedthrough  system  and  the  container  for  the  stack.  The 
bipolar  element  comprises  on*  positive  and  one  negative  electrode  placed 
either  side  of  a thin  metal  current  collector  membrane.  In  addition  a 
separator  layer  has  been  Included  in  the  bipolar  element  in  order  to  simplify 
the  battery  calculations.  The  battery  is  assembled  by  stacking  the  required 
number  of  bipolar  elements  in  order  to  obtain  the  desired  battery  energy. 

The  advantages  offered  by  a bipolar  design  over  that  of  a monopolar  design 

are: 
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Figura  B*1  Bipolar  osll  stack  design 
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I)  The  weight  of  the  current  collection  systea  can  be  considerably 
reduced  since  the  current  path  Is  perpendicular  to  the  face  of  the 
electrodes,  l.e. , bus  bars  and  distribution  plater-  necessary  In  a 
uonopolar  design  can  be  eliminated. 

II)  A bo re  uniform  current  distribution  can  be  obtained  on  the  electrodes 
and  therefore  the  active  aaterlal  utilization  is  Improved 
particularly  at  the  higher  rates  of  discharge. 

II.  Methodology  for  Bipolar  Design  Calculations 

The  first  step  In  designing  the  conceptual  bipolar  battery  proposed  in  Figure 
8-1  is  to  assign  physical  and  electrochemical  parameters  to  the  various 
components  In  the  battery.  The  values  assigned  to  these  parameters  are  based 
on  data  that  has  been  obtained  from  engineering  and  experimental  pellet 
cells.  The  facial  area  of  the  electrodes  has  been  maintained  the  same  as  in 
the  prismatic-monopolar  design  (l.e.  *214  cm2)  so  that  the  performance  between 
the  two  batteries  can  be  directly  compared.  However,  for  the  bipolar  battery 
wa  have  opted  for  a circular  electrode  instead  of  a rectangular  electrode. 

From  these  key  parameters  and  empirical  relationships  that  have  been  derived 
for  utilization,  voltage  against  current  density  and  depth  of  discharge  for 
the  Ll-MS  system  it  is  possible  to  celculate  the  specific  energy  and  sustained 
power.  The  parameters  assigned  to  the  various  components  are  listed  in  Table 
8-1. 

In  order  to  calculate  the  available  energy  from  the  battery  at  various 
discharge  rates  it  Is  necessary  to  know  the  relationship  between  active 
material  utilization  and  current  density.  The  following,  empirical  equation 
has  been  derived  from  experimental  data  on  advanced  cell  work  performed  both 
at  ANLl  and  Could2. 


1.  AML-80-128  Report,  p.  46  <1981). 

2.  S.  Mlsra  private  communication. 


G-39 


Prepared  tor  Jot  Propulsion  Labor* tor its 

Pasadena,  CA  91109 
Contract  Mo.  936761 


Oould  Research  Cantor 

Mata rial*  & Devices  Laboratory 
March  12,  1964 


Table  B-l 


bipolar  Battery  Dolan  Paranatar* 


E lac trod*  Diana tar 

E lac trod*  Area 

Mo.  of  BlpoUr  Elanant* 

Theoretical  Capacity  of  Positive  Electrode 
Poaltlva  Plaque  Loading  Density 

Negative  Plaque  Loading  Density 

Separator  Density 
Negative (Positive  Capacity  Ratio 
Positive  Electrode  Thickness 
Negative  Eleetrode  Thickness 
Separator  Thickness 
Bipolar  Menbrane  Thickness 
Weight  of  Bipolar  Element 

Weight  of  Teralnal/Collector/Battery  End  Cover 
Total  Battery  Weight 
Total  Battery  Volume 


16.31  cn 
214.06  ca2 
24 

40.78  Ah 
1.3  Ah/cm^ 
0.45  Ah/g 
1.0  Ah/cm^ 
0.63  Ah/g 
2.35  g/cm3 
1.3:1 
0.127  cm 
0.248  cm 
0.152  cm 
0.008  cm 
300  g 
300  g 
8.1  kg 
4.27  liters 


G-40 


Pnpand  for  Jot  Propulsion  Loboratorlot  Gould  Hooooreh  Center 
Pasadena,  CA  91109  No  tori*  Is  & Devices  Laboratory 
Contract  No*  956761  Notch  12,  1964 


Utilisation  <X)  - (1  - 1.67  1)  x 100 

whore  i is  current  density  in  A/cn*.  This  equotion  hos  boon  plotted  in  Figure 
B-2.  Another  foctor  which  effects  the  utlllsotion  of  on  electrode  is  the 
thickness  <l.e.  the  thicker  the  electrode  the  poorer  the  utlllsotion). 
However  for  electrodes  with  o thickness  of  <0.15  ca  the  variation  in 
utlllsotion  with  thickness  In  Inslgnlf Icent  end  therefore,  since  we  hove 
chosen  for  this  enelysis  e positive  electrode  thickness  of  0.127  ca,  we  hove 
Ignored  this  effect. 

The  sversge  voltege  on  dlschsrge  for  s Li  alloy-FeS  cell  os  o function  of  the 
discharge  rote  hos  been  integrated  from  experimental  data  measured  on  a pellet 
cell,  since  this  type  of  cell  closely  approximates  to  the  electrode 
arrangement  in  a bipolar  stack.  This  data,  plotted  in  Figure  B-3,  shows  the 
overage  discharge  voltage  as  a function  of  current  density  for  a single 
cell.  The  bipolar  battery  voltage  is  assumed  to  be  atl  times  the  single  cell 
voltage,  where  n is  the  number  of  bipolar  units  in  the  battery*  Hence  the 
battery  energy  and  sustained  power  can  be  calculated  by  multiplying  the 
average  bipolar  stack  voltage  by  the  cell  capacity  and  average  discharge 
current,  respectively.  The  specific  energy  versus  discharge  rate  is  plotted 
in  Figure  B-4  for  the  bipolar  battery,  including  a derating  factor  of  252  to 
take  into  account  all  other  ancillary  hardware. 

In  order  to  calculate  the  peak  power  for  the  bipolar  battery  it  is  necessary 
to  know  the  peak  power  flux,  V/cm2.  Again,  such  data  are  available  from  30 
sec.  peak  power  pulse  testa  performed  on  advanced  design  pellet  cells  and 
higher  power  prismatic  ceils  with  lithium  alloy  and  iron  monosulfide 
electrodes.  The  peak  power  flux  data  are  plotted  in  Figure  B-3  as  a function 
of  state-of-charge  for  both  state-of-the-art  and  advanced  design  cells.  The 
30.  sac  peak  power  for  the  bipolar  battery  was  then  calculated  by  multiplying 
the  flux  values  by  the  area  of  electrode  in  the  battery.  These  values  were 
derated  by  a multiplying  factor  of  0.75  to  compensate  for  the  ancillary 
battery  hardware*  The  results  of  these  computations  are  presented  in  Table  B- 
2 which  are  the  30  sec.  specific  peak  power  capability  at  various  states-of- 
charge  for  the  complete  battery. 
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Figure  8*3  Avorogt  discharge  voltage  for  a lithium  alloy-iron  *ulf*d» 
call  as  a function  of  curium  density. 
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Figure  B4  Specific  energy  of  bipolar  lithium  alloy-iron  monooulfidt 
banary  ai  a function  of  constant  power  discharge  rate. 
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Figure  8*5  Tho  peak  power  flux  for  lithium  alloy-iron  monoaulfide 
electrode*  a*  a function  of  ttatt-of -charge. 
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Tablo  B-2 


Peak  Power  of  Bipolar  Battery  at  Various  States-of-Charge 


Specific  Peak  Power  (V/kg)  at 
State  of  Charge  (X) 
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Appendix  C 

BATTERY  MANUFACTURING  COST  PROJECTIONS 
I.  Introduction 

The  coat  projections  are  based  on  existing  technology  at  Gould  for  the 
monopolar-prismatic  battery  and  have  assuned  some  uodest  improvements  in  this 
technology  for  estimating  the  cost  of  the  bipolar  battery. 

The  present  technology  at  Gould  utilises  a lithium-aluminum- silicon  negative 
electrode  and  an  iron  monosulfide  positive  electrode.  The  separator  is 
magnesium  oxide  powder  and  the  electrolyte  is  a ternary  lithium  halide  salt  of 
22  w/o  LiCl-68  w/o  LiBr-10  v/o  LiF.  The  current  collection  system  is 
fabricated  from  Nickel  200  in  order  to  provide  good  electrical  conductivity. 
All  other  hardware  is  made  from  Grade  304  stainless  steel. 

The  plant  for  manufacturing  these  batteries  at  the  rate  of  100,000  units/year 
is  assumed  to  be  highly  automated  and  hence  manual  labor  is  minimal.  All  the 
processing  steps  Involved  in  manufacturing  Ll-MS  batteries  are  typical  of 
present-day  battery  and  powder  metallurgy  establishments.  The  only  special 
feature  of  a Li-MS  battery  plant  would  be  that  a number  of  the  processing 
steps  have  to  be  performed  in  a dry- room  atmosphere  since  the  negative  active 
material  and  electrolyte  are  highly  moisture  sensitive.  It  has  been  assumed 
that  most  of  the  cell  hardware  components  will  be  bought-ln  items  since  they 
can  be  readily  made  by  conventional  metal  stamping  and  forming  operations. 
Many  of  the  cell  components  are  already  made  this  way  even  for  our  present 
needs. 
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II.  Coat  Ana ly ala 

Tha  following  coat  analysis  has  boon  parforaad  as  par  tha  ADL  guidelines* 
axcapt  where  indicated  in  tha  following  and  noted  in  tha  tables  of  this 
appendix. 

Tha  aaln  assumptions  in  the  ADL  costing  nethodology  and  deviations  proposed 
are: 

i)  Overhead  Rates 

The  Labor  overhead  rate  is  1301  of  the  direct  labor  and  the  materials  overhead 
is  10%  of  the  materials  cost.  It  should  be  noted  that  in  the  Consigllo/Symons 
costing,  (see  Table  C-2)  they  applied  a 280%  labor  overhead  rate.  In  their 
report  they  reference  this  overhead  rate  to  Gould.  However,  it  should  be 
pointed  out  that  when  this  rate  is  applied  it  Includes  equipment  depreciation, 
rant  and  warranty  costs.  Therefore  their  analysis  will  be  somewhat  high  since 
they  have  Included  these  costs  twice,  but  figured  in  two  different  ways. 

ii)  Direct  Labor 

In  this  analysis  we  have  chosen  to  figure  the  direct  labor  as  9%  of  the 
materials  cost,  instead  of  at  a fixed  hourly  rate. 

ill)  Equipment  and  Depreciation 

The  capital  equipment  costs  have  been  figured  on  the  basis  of  $20 /kWh  for  the 
theoretical  capacity  within  the  battery.  The  capital  equipment  has  been 
amortised  linearly  over  a ten-year  period,  hence  a 10%  depreciation  factor  is 
used  in  the  calculation. 


•EPRI  Report  No.  787-1  November  1976. 
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lr)  Rant 

This  has  boon  figured  at  $6/ft2  for  the  conceptualised  plant, 
v)  Working  Capital  Requirements 

The  working  capital  requlreaenta  are  assumed  to  be  equal  to  30Z  of  the  value 
of  annual  production  based  on  the  factory  cost. 

vl)  After-Tax  Return  on  Investment  and  Taxes 

Each  of  these  tvo  iteas  are  assumed  to  be  equal  to  15Z  of  the  total  investment 
on  an  annual  basis.  The  total  Investment  is  the  sum  of  the  equipment  cost 
plus  the  working  capital. 

The  basic  raw  material  prices  used  in  the  calculations  are  listed  in  Table  C-l 
and  a summary  of  the  costs  leading  to  the  estimates  for  the  OEM  selling  price 
for  both  monopolar  prismatic  and  bipolar  batteries  are  given  in  Table  C-2. 
For  comparison*  the  costing  performed  by  Consigllo  and  Symons  is  listed  also 
in  Table  C-2.  However*  it  should  be  noted  that  their  costs  are  based  on  an 
annual  production  rate  of  20*000  batteries  whereas  the  Gould  estimates  are  for 
a rate  of  100*000  units  per  year. 
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Table  C-i  Market  Price  of  Materials*  1984 


Material 


Market  Price  $/kg 


Lithiua  Metal  47.74 
Lithiua  Brooide  14.32 
Lithiua  Chloride  6.60 
Lithiua  Fluoride  10.38 
Aluainua  2.38 
Silicon  1.45 
Iron  Sulfide  0.90 
Magnesium  Oxide  1.76 
Potassium  Chloride  0.12 
Nickel  14.48 
Stainless  Steel  3*01 
Iron  Powder  0.62 
Low  Carbon  Steel  0.73 


*Chemlcal  Marketing  Reporter  February  84 
American  Metal  Market  March  84 
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111.  Summary  Ronarks 

It  can  bo  soon  fron  Table  C-2  that  tho  cost  por  kWh  for  lithium  alloy-metal 
sulfldo  battorlos  onploylng  axis  tin*  tochnology  aro  substantially  more 
oxponslvo  than  the  doslrod  $100 /kWh  target  for  the  advanced  battery  systems  In 
electric  vehicle  applications.  However,  a aajor  portion  of  the  cost  Is 
attributed  to  the  llthlun  bearing  compounds  (l.e.  ‘’402).  Therefore,  If  the 
cost  goal  Is  to  be  attained,  this  area  should  receive  greatest  attention.  In 
the  report1-  submitted  by  ANL  under  this  contract,  Chllenskas  and  Shlmotake 
have  proposed  a number  of  feasible  Ideas  which  can  be  shown  to  significantly 
reduce  the  price  of  lithium-metal  sulfide  batteries.  In  particular  they  have 
suggested  using  lithium  carbonate  as  an  Inexpensive  feed  stock  for 
manufacturing  all  the  required  lithium  bearing  compounds  necessary  for  the 
battery.  It  may  be  possible  also  to  use  a L1C1-KC1  electrolyte  In  place  of 
the  all- lithium- halide  electrolyte  in  the  less  demanding  vehicle  applications. 

The  OEM  selling  price  from  this  and  the  ANL  report  is  projected  to  be  in  the 
range  of  $154-99  per  kWh.  The  upper  end  of  the  range  relates  to  existing 
technology  whereas  the  lower  end  can  probably  be  realised  In  a second 
generation  plant. 
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Appendix  D 


LIFE  CONSIDERATIONS 
I.  Calls 

A summary  of  the  cycle-life  tests  performed  on  Gould  Immobilized- electrolyte- 
powder  separator  type  cells  (see  Figure  2)  at  both  ANL  and  Gould  la  presented 
In  Table  t>-l.  The  tests  performed  at  AML  were  on  cells  specifically  designed 
for  the  EV  application.  These  cells  were  cycled  on  a 12  hour  regime  (l.e.  8h 
charge/4h  discharge)  to  100Z  DOD  or  1.0  V lower  cut-off  voltage.  The  end  of 
life  was  defined  as  either  a 20Z  loss  In  the  Initial  capacity  or  a decline  In 
the  coulomblc  efficiency  below  95Z.  The  highest  mean- time- to- failure  for 
these  cells  was  330  cycles;  with  a Veibull  Slope,  which  defines  the 
distribution  of  failures  of  2.9.  The  average  capacity  loss  was  0.06%  per 
cycle. 

The  tests  performed  at  Gould  were  on  cells  designed  for  a high  rate 
application  and  consequently  the  specific  energy  Is  substantially  reduced  due 
to  the  heavier  current  collection  system.  The  electroactive  materials, 
electrolyte  and  separator,  however,  were  essentially  the  same  as  those  in  the 
Group  II  EV  cells.  Two  different  test  regimes  were  examined,  one  was  a 6h 
regime  (5.25h  charge,  0.75h  discharge)  the  other  a 24h  regime  (22. 8h  charge, 
1.2h  discharge).  The  cells  were  discharged  also  to  different  depths-of- 
discharge  between  40Z  and  80Z.  The  end  of  life  for  these  cells  was  when  the 
leakage  current  exceeded  1000  mA. 

It  was  concluded  from  the  Gould  tests  that  the  cell  life  Is  somewhat  dependent 
upon  depth  of  discharge  (i.«.  longer  life  for  lower  depths  of  discharge)  but 
this  Is  a second  order  effect  and  the  primary  factor  limiting  the  life  of  the 
Gould  cells  Is  the  time  at  operating  temperature.  This  time  Is  In  the  region 
of  130  days  and  Is  arrived  at  by  dividing  the  number  of  cycles  by  the  cycles 
per  day  of  the  test  regime. 
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Table  D-l.  Summary  of  Gould  Li  Alloy -FeS  Cell  Performance  in  Tests  at  ANL  and  Gould 

Statu*  Celts  Test*  (ANL)  Could  Test* 
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The  fniluro  nochanlon  which  in  Uniting  tho  llfo  of  thooo  noat  rocont  col  la 
hoa  not  yet  boon  investigated.  Post-test  oxnninntion  of  onrlior  colla, 
however,  ha  a ah  own  tho  fniluro  to  bo  duo  to  ahorta  which  develop  na  tho 
positive  nctlvo  oat* rial  la  oxudod  through  tho  partlclo  rotnlnor  baakat  into 
tha  aaparntor  and  ovontually  thla  aatarlnl  conaa  into  contact  with  tha 
nagativa  electrode,  or  othor  conductive  aatarlnl  that  with  tin*  bacomaa 
dapoaltad  in  tha  aaparator  layer  (l.o.  iron  particle*). 

Recant  Eagle-Picher  call  taata,  parforoad  under  a prograo  for  tha  U.S.  Army, 
have  demonstrated  a life  in  axcaaa  of  1000  cycle*  and  500  day*  of  operation  to 
80Z  D0D.  Tharafora,  there  is  no  reason  to  believe  that  with  modification  the 
Gould  immobilized  electrolyte-powder  separator  calls  cannot  achieve  a similar 
lifetime  at  temperature. 

II.  Battery  Module* 

Within  Gould  minimal  lifetime  information  has  bean  generated  on  Li  alloy-MS 
battery  modules  since  only  three  have  been  assembled  and  tested.  One  of  these 
was  a three  cell  module  and  the  other  two  were  ten-cell  2.5  kWh  modules. 
However,  a reasonable  amount  of  operational  experience  and  Information  was 
gathered  during  the  testing  of  these  latter  two  modules.  The  early 
performance  of  the  modules  were  ns  expected  with  the  battery  capacity 
declining  steadily  with  cycling  as  the  cell  imbalance  Increased  due  to  minor 
differences  in  the  coulombic  efficiency  of  the  cells.  The  full  battery  . 

capacity,  however,  could  be  restored  by  performing  an  equalization  after  “14 
cycles.  It  was  possible  to  repeat  this  cycling-equalization  routine  at  least 
5 times  before  problems  arose  with  the  batteries.  These  problems  were 
partially  attributable  to  electrolyte  leakage  from  the  positive  feedthrough 
seals  and  the  subsequent  'wicking-actlon'  along  the  insulation  on  the 
Intercell  connectors.  In  general  the  life  of  the  two  battery  modules  was  in 
line  with  the  cycle  life  of  the  individual  cells  from  which  they  were 
constructed.  The  thermal  management  systems  used  in  these  battery  modules 
war*  capable  of  maintaining  the  cells  within  their  operating  temperature  range 
during  both  charge  and  discharge  and  it  was  concluded  that  a minimal  cooling 
system  will  be  required. 
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As  part  of  tha  currant  EPR1  progran,  Could  la  to  build  9-cell  battery  nodules 
that  arc  to  bo  tasted  at  AML  in  a high -efficiency  tha real  Insulated  housing 
fitted  with  an  integrated  thermal  oanageeent  system.  This  systen  will  provide 
both  heating  and  cooling  during  operation  of  the  battery* 
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SUMMARY 

A brief  design  analysis  was  performed  which  confirms  that  sodium-sulfur 
(Na/S)  batteries  can  be  designed  to  match  a wide  range  of  mobile  application 
requirements.  These  missions  range  from  low-power  commuter  EVs  to  full  per- 
formance ; fs  to  very  high  power  hybrid  vehicles.  In  spite  of  the  need  for 
high  temperature  operation,  the  projected  specific  energy,  power  density  and 
energy  efficiency  of  the  complete  Na/S  battery  system  are  excellent,  enabling 
all  the  missions  to  be  considered  technically  viable.  Economic  estimates  are 
less  certain,  but  indicate  that  battery  initial  cost  is  likely  to  be  relatively 
high.  Economic  viability  would  depend  on  alternate  fuel  costs  as  well  as  on 
attaining  the  projected  cycle  life  and  high-rate  production. 

It  would  appear  that  the  appropriate  next  step  should  include  demonstra- 
tion of  hardware  and  validation  of  projections  for  both  performance  and  cost. 


... NOT  F 
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INTRODUCTION 


The  applicability  of  sodium-sulfur  batteries  to  a wide  range  of  mobile 
missions  was  addressed  in  this  brief  analysis.  The  influence  of  battery 
size  and  power- to-energy  ratio  was  determined  at  a system  level  through  a 
series  of  four  point  designs,  each  targeted  at  a representative  application. 
These  include  three  EV  vehicles  and  a battery  hybrid  vehicle.  In  all  cases, 
the  exceptional  efficiency  and  high  specific  energy  of  individual  cells  lead 
to  practical  performance  projections  for  the  complete  bcvUery  systems.  Obvi- 
ously, larger  batteries  are  favored  as  a consequence  of  the  weight  and  volume 
requirements  for  thermal  control,  but  even  the  small  commuter  battery  has  a 
specific  energy  of  about  90  Wh/kg. 

These  analyses  addressed  issues  of  thermal  and  charge  control,  packaging, 
overall  energy  balance,  aging,  maintenance  and  cost  estimates.  For  this  study, 
the  design  guidelines  supplied  by  JPL  were  followed  with  few  exceptions  in 
order  to  facilitate  battery  comparisons.  As  a result,  some  performance  param- 
aters  are  lower  than  could  otherwise  be  claimed  with  a more  detailed  design. 

In  areas  of  battery  reliability,  maintenance  and  cost,  the  state  of  Na-S 
technology  development  does  not  support  firm  projections. 
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1.0  PERFORMANCE  MODELLING 

Four  candidate  missions  were  specified  along  with  their  energy  and  power 
requirements.  These  are  listed  in  Table  1.1.  Using  assumptions  specified 
in  the  guidelines  and  augmented  by  the  others  discussed  with  the  JPL  Program 
Manager,  sodium-sulfur  batteries  were  designed  for  each  of  the  four  missions. 

The  principal  assumptions  are  listed  in  Table  1.2. 

The  sizing  (initial  rating)  of  each  battery  is  increased  by  10%  in  both 
energy  and  power  to  approximately  offset  deterioration  during  life.  The 
balance  between  credits  for  providing  excess  capability  in  early  life- and 
penalties  for  having  inadequate  performance  in  later  life  is  poorly  quantified. 
The  issue  is  clouded  by  the  probable  spread  in  customer  tolerance  to  performance 
shortfall  and  willingness  to  follow  recorrmended  maintenance  schedules. 

The  fixed  10%  factor  for  all  missions  is  considered  more  appropriate  than 
trying  to  estimate  separate  life-cycle  averages  for  each  mission.  Small  addi- 
tional adjustments  are  made  to  the  power  and  energy  goals  of  each  mission  to 
compensate  for  controller  limitations.  The  performance  ratings  of  the  batteries 
are  estimated  in  accordance  with  the  guidelines  (i.e.,  1-year  battery),  and 
battery  outputs  over  life  are  projected  Section  5. 

1.1  BATTERY  DESIGN 

In  this  study,  it  is  assumed  that  cells  are  connected  in  long  series 
strings  to  provide  either  full-  or  half-battery  voltage.  Full  battery  capa- 
city is  obtained  by  parallelling  the  appropriate  number  of  strings.  The 
response  of  long  strings  is  to  average  (sum)  the  individual  cell  resistances, 
thus  reducinn  the  effect  of  cell  variability.  However,  the  effective  string 
capacity  is  uetermined  by  that  of  the  weakest  cell  since  it  blocks  further 
current.  Based  on  present  modelling  studies,  this  long  string  interconnection 
topology  appears  to  provide  best  battery  reliability. 
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Table  1.1.  Candidate  Missions 


ENERGY  MAXIMUM  PULSE 
APPLICATIONS  RANGE  CONSUMED  POWER  DEMAND 

I.  Commuter  EV  128  km  12  kWh  25  kW 

II.  Hybrid  Vehicle  80  km  15  kWh  50  kW 

III.  General  Purpose  EV/Van  160  km  25  kWh  60  kW 

IV.  Full  Performance  EV  400  km  50  kWh  50  kW 


Table  1.2.  Assumptions  for  Performance  Modelling 

1.  Controller  Voltage  Range  Fixed  Over  Life 

o Nominal  240  V battery  (except  120  V for  commuter) 
o Allowable  range:  0CV*->0.54  OCV 
o No  provision  for  regeneration  voltage 
o Controller  limits  removed  for  charge 

2.  Mission  Requirements  Considered  "Mid-Life" 
o 110%  used  to  size  "new"  battery 

o 1-year  old  battery  used  to  project  performance 
o 1-year  old  battery  used  for  "energy  balance" 

3.  Battery  Aging  Model  (circa  1990) 

o dN/N  = -0.0C"  per  freeze- thaw  cycles  (N  = number  of  good  cells) 
o dN/N:  Weibull  statistics  (a  = 1500  cycles,  6 = 3.0) 

o dR/R  = +(1.0±0.5)  10"4  per  electrical  cycle  (R  = resistance) 
o dC/C  = -(1.0±0.5)  10”4  per  electrical  cycle  (C  - capacity) 
o Failed  cells  have  1 mn  resistance 

4.  Balance  of  System  Components 

o Stri  :tural  support  weight  proportional  to  cell  weight. 

2/3 

o Thermal  enclosure  size  & losses  scale  as  (volume) 
o Thermal  control  proportional  to  square  of  sustained  power. 
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For  Na/S  cells,  the  principal  design  factors  are  the  capacity  (both 
theoretical  and  rated)  and  internal  resistance  (both  pulsed  and  steady). 

The  resistance  values  are  nearly  constant  throughout  a cycle  except  at 
the  extreme  ends  of  the  charge  or  discharge.  The  common  convention  in  Na/S 
technology  is  to  define  theoretical  capacity  between  “sulfur"  as  charged  and 
"Na2S3"  as  discharged.  At  Ford  Aerospace,  a linear  chemical  state-of-charge 
scale  is  used  which  conveniently  represents  the  relative  Ah  content  for  a 
sulfur-limited  design.  Using  the  F-scale  (corresponding  to  composition 
Na2FS3^*  the  theoretical  capacity  ranges  from  sulfur  (F=0)  to  Na2S3  (Fsl). 

A value  F^  represents  the  end  of  charge  defined  by  the  dynamics  of  the 
recharge  processes  which  are  affected  principally  by  the  charge  rate,  volt- 
age limit  and  temperature.  Similarly,  F2  represents  the  dynamic  end  of  dis- 
charge. The  utilization  (U)  of  the  sulfur  electrode  is  F^F^  and  thus  depends 
on  operating  conditions. 

It  may  be  desirable  for  other  system  considerations  to  limit  the  range 
of  cathode  operation  and  define  “design"  or  "rated"  values  for  F^.F^and  UR. 
In  this  present  study,  the  design  F^is  chosen  between  0.6  and  0.8  for  reasons 
related  to  improving  the  constancy  of  pulse  power,  for  reduction  of  entropic 
heating,  and  in  order  to  retain  more  voltage  swing  at  the  end  of  discharge 
(EOD)  to  offset  additional  battery  deterioration  thereby  extending  the  inter- 
val before  maintenance.  The  100%  state-of-charge  (SOC)  condition  corresponds 
to  the  design  point  F^R,  and  the  0%  SOC  corresponds  to  F2R.  With  this  conven- 
tion, the  battery  can  operate  beyond  the  0%  - 100%  range  in  SOC.  The  rela- 
tionships of  these  notations  to  cell  voltage  are  depicted  in  Figure  1.1. 

In  other  EV  analyses,  it  was  often  desirable  to  provide  some  "limp- 
home"  range  at  less  than  specified  power.  Tu  do  this  with  Na/S  technology. 


CELL  VOLTAGE.  V 


2. 


Figure  1.1.  Relationship  of  State  of  Charge  and  F Values 


the  battery  Is  designed  to  meet  or  exceed  specified  power  out  to  its  rated 
discharge  condition,  Fg  , until  it  reaches  its  defined  end-of-life.  By 

K 

increasing  the  cells'  sodium  content  slightly,  additional  range  capability 

at  lower  power  is  provided  at  very  low  incremental  weight  and  volume.  Further- 
more, with  its  higher  performance  early  in  life,  the  battery  can  deliver  the 
specified  power  throughout  the  additonal  range  as  well.  However,  in  keep- 
ing with  this  study's  guidelines,  no  "limp-home"  provision  is  included. 

1.1.1  INITIAL  SIZING 

Throughout  most  of  its  discharge  cycle,  the  Na/S  cell  is  well  represented 
as  a fixed  linear  resistor  in  series  with  a voltage  source  which  varies  slightly 
with  SOC,  as  shown  in  Figure  1.1.  Because  part  of  the  voltage  loss  results  from 
concentration  polarization  which  is  nearly  lir.'ar  with  current,  the  effective 
resistance  for  pulse  operation  is  somewhat  lower  than  for  steady  operation 
(e.g.,  Rp/R$  M).8  to  0.95).  This  is  beneficial  in  meeting  the  peak  power 
specifications. 

With  the  simple  linear  electrical  circuit,  the  relationships  between 
energy,  power,  efficiency,  voltage,  current,  capacity  and  time  are  straight- 
forward. The  voltage  range  set  by  the  motor/ controller  interacts  with  the 
battery  characteristics  to  limit  the  deliverable  energy  and  power.  In  this 

study,  the  voltage  ratio  K.  = V . /V  w = 0.54  was  selected  to  correspond 

l mi  n max 

to  the  hardware  under  development  at  JPL  and  the  DOE-Ford  ETX  program.  These 
controllers  operate  between  265  V and  143  V.  By  removing  provisions  for  regen- 
eration in  a new  battery,  the  battery  OCV  is  taken  as  large  as  possible:  thus 

K2  = OCV  (0  SOC  = 100%)/Vmax  * 1*0.  For  convenience,  several  other  ratios 
were  defined.  The  cell's  OCV  varies  with  SOC  as  shown  in  Figure  1.1,  with 
K3  = OCV  (0  SOC  = 0%)/0CV  (0  SOC  = 100%)  varying  from  0.85  to  unity  as  a 


H-17 


function  of  the  selected  value  for  the  cathode.  The  delivered  energy  is 
related  to  the  average  cell  voltage,  hence  to  the  average  OCV.  The  ratio, 
s m/QOI  (@  SOC  * 100%),  is  very  nearly  unity.  Although  the  sulfur  elec- 
trode response  to  pulse  loads  differs  appreciably  from  its  steady  operation, 
the  ratio  of  cell  resistances.  Kg  = Rp/Rs,  varies  with  design  and  is  seldom 
less  than  0.8. 

Using  these  normalizing  factors,  the  response  of  a new  battery  can  be 
approximated  as  follows: 


edel  1 (ocv  1 W • c 


where 


and 


’ Vmax  * K2 


PAVG  = EDEL/TD 


K4  * C * 


(1) 

(2) 


(3) 

(4) 


ppdel(soc  = o)  = ipvMIN 

= VM^X  *K2  * K3  “ Kl^  K1/RP 
PPBAT  (SOC  . 0)  = Vwx2  (K2  . K3)  2/4  Rp 

nD=l-  (IqRj/CCV)  is  average  discharge  efficiency; 

are  controller  voltage  limits; 

Rp,  Rg*  and  C are  pulse  and  steady  resistance,  and  capacity  of  the  t 

are  effective  time  and  average  current  during  motorinc 

are  ratios  defined  in  text. 


VMAX  and  VMIN 


V and  !d 


K1  * • * K5 


The  initial  capacity  of  the  battery  must  be  oversized  by  a factor 

( l/nD ) to  account  f ;*  voltage  losses.  The  peak  battery  power  at  SOC  = 0 must 

2 2 

exceed  the  vehicle  demand  by  a factor  K3  /^(K^-K^)  to  offset  the  con- 
trollers1 voltage  range  limitation.  The  resulting  beginning-of-life  goals 
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for  the  four  missions  are  adjusted  by  the  appropriate  factors  and  are  summarized 
in  Table  1.3.  A representative  cell  design  for  each  mission  is  then  generated. 
Salient  features  of  each  cell  are  listed  in  Table  1.4,  along  with  the  resulting 
initial  battery  characteristics. 

1.1.2  ONE  YEAR  OLD  BATTERY 

The  effect  of  cell  deterioration  and  cell  (electrolyte)  failures  on  the 

response  of  the  Na/S  battery  is  strongly  influenced  by  cell  interconnection 

topology.  Present  analyses  indicate  a preference  for  several  long  "strings" 

of  cells,  parallelled  at  the  battery  terminals.  Under  these  assumptions,  the 

♦ 

battery  characteristics  decay  gracefully. 

Three  modes  of  cell  deterioration  are  assumed:  electrolyte  fracture, 
resistance  rise,  and  capacity  decline.  Present  experience  indicates  that 
some  failures  occur  with  the  freeze-thaw  phase  change,  and  other  elec- 
trolyte failures  follow  a Wei  bull  statistic.  The  effect  of  cell  loss  is  to 
reduce  the  OCV  by  an  amount  proportional  to  the  fraction  of  failed  cells  in 
the  battery.  (Unsymmetrically  distributed  failures  cause  temporary  unbalance 
in  string  currents,  but  these  generally  average  out  when  the  cell  OCV  begins 
to  fall  near  the  end  of  discharge.)  The  effect  of  1-year  service  (<  10,000 

miles/year  or  ^250  partial  cycles)  is  modelled  as  an  equivalent  number  of  full 

cycles  which  provides  the  same  range. 

Cell  performance  deteriorates  continuously  with  service  with  resistance 

-4 

and  capacity  worsening  at  an  average  fraction  rate  of  IX  10  per  cycle. 

The  present  average  rate  and  width  of  distribution  of  decay  rates  are  projected 
to  improve  by  1990  technology  (Table  1.2). 
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Initial  Sizing  Goals  for  Batteries 


Table  1.3. 


I 

Commuter 

II 

Hybrid 

III 

EV/VAN 

IV 

Full  Perf. 

Range 

(km) 

128 

80 

160 

400 

Discharge  Time 

00 

2.0 

1.25 

3.0 

5.0 

Charge  Time 

(h) 

8. 

8. 

8. 

12. 

Average  Power 

(kW) 

6.0 

12.0 

8.33 

10.0 

Sustained  Power* 

(kW) 

12.5 

25. 

25. 

25. 

Nominal  Volts 

(V) 

120 

240 

240 

240 

Energy 

(kWh) 

13.2 

16.5 

27.5 

55.0 

Peak  Power** 

* for  20  minutes 
**at  SOC  = 0% 

(kW) 

27.9 

55.4 

67.1 

56.8 

H-20 


I 


Table  1.4.  Initial  Characteristics  - Cells  and  Batteries 


CELLS 

I 

Commuter 

II 

Hybrid 

III 

EV/VAN 

IV 

Full  Perf 

00 

(cm) 

3.02 

2.74 

3.18 

3.78 

Length 

(cm) 

31.9 

29.6 

35.4 

35.1 

Weight 

(g)3 

473 

380 

582 

755 

Volume 

(cm3) 

229 

175 

280 

394 

Capacity 

(Ah) 

37.8 

23.7 

38.4 

77.8 

Energy 

(Wh) 

73.6 

46.2 

76.7 

153 

PP* 

(W) 

155 

154 

186 

158 

01s.  Eff. 

(-) 

0.943 

0.938 

0.968 

0.957 

Pulse  Resistance* 

\na) 

6.36 

6.91 

5.30 

5.73 

SE 

(Wh/kg) 

(Wh/1) 

156 

121 

132 

202 

ED 

322 

264 

274 

387 

SPP* 

(W/kg) 

328 

405 

320 

209 

PPD* 

(W/l) 

678 

880 

664 

400 

BATTERIES 

No.  of  Cells 

(-) 

180 

360 

360 

360 

OCV  (SOC  = 100%) 

(V) 

124 

249 

249 

249 

Capacity 

(Ah) 

113 

71 

115 

233 

Resistance  - steady 

(m:) 

137 

296 

224 

247 

- pulse 

(mn) 

127 

276 

212 

229 

Energy 

(kWh) 

13.3 

16.6 

27.7 

54.9 

PP* 

(kW) 

27.9 

55.4 

67.0 

56.8 

* At  SOC  * 0 % 
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The  effect  of  resistance  rise  Is  determined  principally  by  the  average 
rise  rate  since  long  series  strings  average  the  distribution.  However,  capa- 
city decline  rate  Is  established  by  that  of  the  worst  cell  In  the  string. 

Thus  a (X  - 3 o)  value  is  appropriate  for  the  worst  cell  In  a 360-cell  battery. 
Extreme  capacity  loss  (e.g.,  >20%)  would  be  prevented  (eliminated)  by  a main- 
tenance operation  which  shorts  out  the  cell. 

The  projected  deterioration  factors  for  a 1 year  old  "1990"  battery  are 
listed  In  Table  1.5,  along  with  resulting  battery  characteristics  for  the  four 
missions. 

1.1.3  STRUCTURAL  AND  PACKAGING 

Each  cell  must  be  electrically  Insulated  to  prevent  shorting  to  Its 
neighbors.  Sixty-cell  groups  are  then  assembled  Into  modules  and  supported 
by  an  enamelled  steel  enclosure.  Provisions  for  cell  Interconnections,  bus 
bar  connections,  heaters,  and  thermal  control  are  included  within  the  module 
structure.  The  modules  are  enclosed  within  a vacuum  thermal  insulation  enclo- 
sure. The  thermal  control  system  and  battery  are  supported  on  a tray  bolted 
onto  the  vehicle  frame. 

The  weight  of  the  module  hardware  is  modelled  as  proportional  to  cell 
weight  and  estimated  by  analogy  to  Ford  Aerospace's  CARBAT-1  experience.  The 
weight  of  the  thermal  enclosure  Is  scaled  as  the  2/3  power  of  battery  size. 
Weight  of  the  thermal  control  system  Is  taken  proportional  to  the  square  of 
sustained  power  which  reflects  the  heat  rejection  requirements. 

Estimates  of  the  packaging  requirements  include:  5-mm  allowance  between 
modules  and  around  the  outside  of  the  module  pack;  3-cm  allowance  for  Internal 
support  platforms  including  heating/cocilng  ducts;  a 2.5-cm  thick  evacuated 
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Table  1.5. 

Characteristics  of 

1-Year  Old 

Battery 

I 

II 

III 

V 

Commuter 

Hybrid 

EV/VAN 

Full  Per 

Cumulative  Range 

(km) 

12000 

16000 

16000 

24000 

Equivalent  Cycles 

(-> 

100 

150 

100 

60 

Deterioration  Factors*(1990  Technology) 

Electrolyte  Failures 

0.0033 

0.0040 

0.0031 

0.0031 

Resistance  Rise 

1.010 

1.015 

1.010 

1.006 

Capacity  Decline 

0.976 

0.964 

0.976 

0.984 

8attery  Characteristics 

No.  of  Cells 

(-) 

179 

358 

359 

359 

OCV  ($0C=10G%) 

(V) 

123.8 

247.5 

248.2 

248.2 

Capacity 

(Ah) 

110.6 

68.6 

112.2 

229.8 

Energy 

kWh) 

12.86 

15.90 

26.88 

53.91 

Peak  Power  ($0C=0/&) 

(kW) 

27.47 

54.24 

66.14 

56.24 

Peak  Power  (1 ? V__ S0C=0%) 

26.98 

53.77 

65.01 

54.40 

nun 

(kW) 

Average  Dis  Eff. 

(-) 

0.94? 

0.937 

0.968 

0.957 

♦Multiplicative  Factor 
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enclosure,  and  a 12.5-cm  long  bottom  super!  nsulating  end  plug  which  provides 
space  for  the  air  blowers,  fuses,  connecting  plugs,  and  microprocessor-based 
charging  control.  The  charger  is  off-board  and  not  included  in  this  analysis. 

A summary  of  the  weights  and  sizes  of  the  battery  components  and  for  the 
total  system  is  given  in  Table  1.6. 

1.1.4  BATTERY  DISCHARGE  CHARACTERISTICS 

For  each  1-year  old  battery,  the  energy  delivered  at  various  discharge 
rates  is  calculated.  These  calculations  are  based  on  the  "steady"  resistance 
value  and  average  OCV  and  result  in  a Ragone  curve.  The  discharge  character- 
istics are  summarized  in  Table  1.7. 

The  variation  in  deliverable  peak  pulse  power  throughout  the  discharge 
cycle  is  calculated  by  using  the  batteries'  pulse  resistance  and  the  voltage 
difference  between  the  battery  OCV  and  controller  limit,  VMIN,  to  determine 
maximum  pulse  current  at  the  controller  voltage.  The  results  are  presented 
in  Table  1.8,  and  are  very  flat  as  a consequence  of  limiting  the  design  depth 
of  discharge  and  avoiding  the  normal  voltage  droop  associated  with  a deeper 
depth  of  discharge. 
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Table  1.6.  Size  & Weight  of  Battery  System 


I 

II 

III 

IV 

Commuter 

Hybrid 

EV/VAN 

Full  Perf 

60-Cell  Module 

Width  (cm) 

14.4 

13.1 

15.1 

17.8 

length  (cm) 

40.3 

36.8 

42.2 

49.8 

Height  (cm) 

33.9 

31.6 

37.4 

37.1 

Volume  (1) 

19.6 

15.2 

23.8 

32.8 

z Cell  Wt.  (kg) 

28.4 

22.8 

34.9 

45.3 

Total  Weight  (kg) 

34.6 

27.8 

42.6 

55.3 

Module  Pack  with  Support  & Thermal 

Manifolds 

Module  Arrangement 

3 x 1 

3x2 

3x2 

3x2 

Width  (cm) 

45.1 

43.0 

48  7 

56.7 

Length  (cm) 

42.1 

75.0 

86.0 

101.0 

Height  (cm) 

36.9 

34.6 

40.4 

40.1 

Volume  (1) 

70.1 

111.5 

169.1 

228.8 

Manifold  & Support  Tray  (kg) 

5 

7 

10 

13 

Weight  of  Modules  (kg) 

103.9 

116.9 

255.6 

331.6 

Total  Weight  (kg) 

109 

174 

266 

345 

Thermal  Enclosure 

Outer  Dimensions  (cm) 

50.2 

48.0 

53.8 

61.6 

Length  (cm) 

47.2 

80.1 

91.1 

106.1 

Height  (cm) 

52.1 

49.8 

55.6 

55.3 

Vol ume  ( 1 ) 

124 

192 

272 

362 

Weight  (kg) 

21 

28 

35 

42 

Blowers  & Ducts  (kg) 

5.0 

10 

10 

10 

Misc.  Weight  (kg) 

10 

15 

15 

15 

Total  Battery  Weight  (kg) 

145 

227 

326 

412 

Total  Battery  Volume  (1) 

124 

192 

272 

362 

Table  1.7.  Discharge  Characteristics  after  1-Year  Service 
Sp.  Energy  (Kh/kg)  vs.  Discharge  Rate 


Battery  Design 

Specific  Power  (W/kg) 

20 

40 

60 

80 

100 

150 

200 

Present 

85.8 

80.2 

73.5* 

- 

- 

- 

- 

Commuter 

91.5 

88.8 

86.0 

82.9 

79.5 

68.8* 

- 

Hybrid 

73.1 

71.3 

69.4 

67.4 

65.2 

59.0* 

49.9* 

EV/VAN 

83.4 

81.2 

78.8 

76.3 

73.5* 

65.3* 

- 

Full  Performance 

131.9 

126.7 

121.0 

114.6* 

107.1* 

- 

- 

*May  require 

increased 

heat  exchange  for  prolonged 

operation. 

Table  1.8.  Specific  Pulsed  Power  After  1-Year  Service 
Limited  by  Controller  Voltage 

Sp.  Pulsed  Power  (W/kg)  vs  State  of  Charge 


Battery  Design 

SOC  = 80% 

50% 

30% 

10% 

0% 

Present 

122 

122 

105 

87 

79 

Commuter 

211 

209 

207 

198 

186 

Hybrid 

247 

244 

242 

241 

237 

EV/VAN 

227 

224 

222 

212 

199 

Full  Performance 

167 

165 

162 

143 

132 
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2.0  COST  PROJECTIONS 

Funding  did  not  permit  a detailed  cost  analysis  to  be  performed  for  this 
study.  Estimates  of  OEM  cost  were  derived  by  extrapolation  and  revision  of 
prior  (1980)  costing  studies  that  had  been  performed  as  part  of  Department  of 
Energy  Contract  No.  DE-AM04-79CH10012. 

A number  of  modifications  were  incorporated  into  the  1980  study  to 
generate  the  present  estimates.  These  include: 

a)  Allowance  for  balance  of  system  costs  ranging  from  $600  to  $1000 

b)  Use  of  recommended  scaling  factors  for  high  production  rates: 
vis.  materials  ^(Production  Rate)^,  labor  *v*(PR)^,  and 
capital  equipment  'v(PR)^ 

c)  The  electrolyte  assembly  was  costed  at  $0. 015/cm  of  electrolyte 

7 

surface  (at  10  /year)  on  the  basis  of  purchase  from  a supplier, 
rather  than  internal  manufacture. 

d)  Capitalization  only  for  cell  assembly  and  battery  fabrication 

The  results  of  these  price  projections  are  presented  in  Table  2.1  which 

gives  battery  selling  price  to  vehicle  OEM  manufacturers  for  each  of  the  four 
missions.  In  addition,  the  cost  of  incremental  cell  production  is  estimated 
for  each  cell  type.  No  information  is  listed  for  "present  design"  since  it 
is  at  the  first  engineering  prototype  stage. 

The  conductive  ceramic  electrolyte  is  the  dominant  cost  item  in  the  cell, 
accounting  for  ^80%  of  its  material  costs.  A sensitivity  analysis  to  the  cost 
of  electrolyte  was  made.  For  a 10%  increase  in  electrolyte  cost,  the  incre- 
mental cell  price  increased  by  6%  and  battery  price  increased  by  3%. 
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Table  2.1.  Battery  & Cell  Price  Estimates 


Battery  Design 
I.  Conmuter 

Battery  Selling  Price 
$2430. 

Cell  Price 
$4.92 

II. 

Hybrid 

3128. 

4.13 

III. 

EV/Van 

3802. 

5.63 

IV. 

Full  Performance 

4059. 

6.13 

isgtou.'iL.i! if  '11  ^ » *** 


3.0  TECHNICAL  SUPPORT  FOR  PROJECTIONS 

A number  of  improvements  are  under  development  in  the  laboratories  of 
Na/S  developers,  or  have  been  identified  as  critical  needs.  R&D  efforts 
are  being  initiated  to  establish  the  technical  base  for  resolution  of  these 
present  shortcomings,  none  of  which  appear  to  be  of  fundamental  nature. 

Improvements  in  cell  components  are  expected  for  nearly  every  element 
in  the  cell,  esper tally  in  regard  to  cost  reduction  and  quality  control. 
Manufacturing  development  will  overcome  many  present  difficulties  associated 
with  lack  of  reproducibility.  The  anticipated  modifications  to  the  battery 
and  balance-of- system  components  relate  to  engineering  refinements  of  the 
structural,  thermal  and  charge  control  designs.  A listing  of  probable 
changes  is  provided  in  Table  3.1. 
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4.0  ENERGY  BALANCE 


The  Na/S  battery  is  very  energy  efficient  during  use  because  of  100% 
coulombic  efficiency  and  good  voltage  efficiency  during  both  charge  and  dis- 
charge. Thermal  losses  are  minimized  by  incorporating  the  advanced  evacuated 
insulation  currently  under  development  at  Linde  Division,  Union  Carbide 
Corporation.  In  addition,  the  large  thermal  mass  and  wide  permissible  range 
of  operating  temperature  permit  most  of  the  electrical  losses  durinq  opera- 
tion to  be  retained  to  offset  thermal  losses  durinq  idle.  Ourinq  sustained 
high-power  operation,  heat  must  be  rejected  from  the  battery  to  restrict 
the  temperature  rise.  In  this  mode  of  operation,  thermal  efficiency  is  lower; 
however,  the  thermal  penalty  is  small  compared  to  the  energy  consumption  at 
high  power.  Since  JPL-Driving  Cycle  #3  does  not  incorporate  a sustained  load, 
it  does  not  apply  to  this  study. 

Calculations  of  energy  balance  throughout  a 24-hour  period  were  made  for 
the  general  purpose  EV/Van  battery  with  a nominal  1500- kg  test  weight  vehicle. 
For  these  calculations,  a 1-year  old  battery  condition  is  assumed.  The 
recommended  cycle,  JPL  Profile  #3,  was  modified  in  two  aspects  for  the  energy 
balance  calculations.  The  extreme  high-power  demand,  89  W/kg,  (133  kW  peak) 
is  not  real.  The  4-second  period  was  extended  to  8-seconds  to  lower  its 
average  power  to  47  W/kg,  equal  to  the  subsequent  demand.  Secondly,  all 
power  levels  were  reduced  by  a factor  l.f  to  bring  the  maximum  power  demand 
down  to  more  nearly  proper  levels  (47  kW).  Even  with  this  reduction  factor, 
the  energy  consumed  per  mile  with  regeneration  is  398  Wh/mile,  a value  that 
is  still  about  1.4  times  too  large  based  on  the  Ford  ETX  projections.  The 
modified  profile  used  in  these  calculations  is  given  in  Table  4.1. 

The  thermal  response  of  the  battery  is  summarized  in  Table  4.2.  The 
final  temperature  during  each  segment  is  estimated.  The  17°C  rise  during 


H-31 


Table  4.1.  Modified  JPL  Profile  #3 


Guidelines 

Modified 

1500  kg  Vehicle 

Segment 

Time  Vl/kq 

Segment 

Time 

W/ka_  _ 

kW 

I.  1. 

0-26  12 

I.  1* 

0-22 

8 

13 

26-30  89 

22-30 

31 

47 

30-74  33 

30-74 

22 

32 

74-76  47 

74-76 

31 

47 

76-171  -3 

76-171 

-2 

-3 

2. 

171-196  0 

2. 

171-196 

0 

0 

196-211  33 

196-211 

22 

33 

211-236  7 

211-236 

5 

7 

236-251  -10 

236-251 

-7 

-10 

3. 

Same  as  2 

3. 

Same  as 

2 

4. 

Same  as  2 plus  Idle 

4. 

Same  as  2 plus  Idle 

H-32 


* ww 


• w m i<  u W i 


Table  4.2.  Thermal  Response 


Temperature  Variation 
<°C) 


Net  Heat  Generation 
(Wh) 


W/Reqen 

W/0  Reqen 

W/Reqen 

W/0  Reg< 

Start  of  Drive 

To 

To 

- 

End  of  Segment  1 

To  +17.39 

To  +17.30 

1039 

1034 

2 

To  -7.43 

To  -7.52 

-1483 

-1483 

3 

To  +9.96 

To  +9.77 

1039 

1034 

4 

— i 

0 

1 

■p* 

• 

4* 

To  -4.33 

-843 

-843 

requires  supplemental  heat 


Battery  Heat  Capacity  ^59.7  Wh/°C 
Battery  Heat  Loss  Rate  ^160  Watts 


Required  Supplemental  Heat 

U/Regen  1820  Wh 
W/0  Regen  1870  Wh 
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the  morning  use  Is  well  within  the  acceptable  operating  range.  No  blower 
power  Is  required.  For  this  drive  cycle,  no  heating  or  cooling  is  required 
during  the  daytime.  About  2 kWh  is  required  overnight  to  restore  the  battery 
temperature. 

Calculations  of  the  electrical  battery  parameters,  with  and  without 
regeneration,  are  summarized  in  Table  4.3.  The  average  electrical  discharge 
efficiency  is  high,  even  with  the  peaked  driving  cycle.  Because  daily  range 
is  small,  the  Na/S  battery  operates  on  its  voltage  plateau  at  a high  state 
of  charge  which  also  is  the  region  of  low  entropy.  The  overall  daily  effi- 
ciency, including  thermal  makeup  energy,  is  about  75%.  These  data  are  trans- 
cribed onto  the  guideline  format  in  Table  4.4. 
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Table  4.3.  24-Hour  Energy  Balance 


Energy 

At  Terminals 
«h> 

Capacity 

(Ah) 

Average 

Efficiency 

It) 

Heat 

Generation 

m 

Segment  I 

W/ Regen 

5774 

27.32 

85.1 

1156 

W/0  Regen 

6990 

32.11 

87.7 

1151 

Recharge 

W/ Regen 

13642 

54.64 

99.3 

-292 

W/0  Regen 

16050 

64.22 

99.3 

-332 

Overall  Cycle 

Disch 

Chg 

DC- DC 

Thermal 

Makeup 

Overall 

Energy 

Energy 

Efficiency 

Efficiency 

(kWh) 

(kWh) 

(*> 

(kWh) 

(*) 

W/ Regen 

11.55 

13.64 

84.7 

1.82 

74.7 

W/O  Regen 

13.98 

16.05 

87.1 

1.87 

78.0 
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Table  4.4.  Estimates  of  In-Use  Energy  Consumption 


Parameters  1__ 

Startup  & shutdown  0 

Self  Discharge  0 

Shunt  Current  0 

Parasitlcs  0 

Thermal  Loss  W Regen  0 

W/0  “ C 

Delivered  Energy  W 5.77 

W/0  6.99 


Recharge  Energy  W 
W/0 

Charge  Eff*  (?)  W 
W/0 

♦Uses  Standard  Charger 


Energy  by  Segments  (kWh) 

2 

3 

4 

5 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1.82 

0 

0 

0 

1.87 

- 

5.77 

- 

«* 

- 

6.99 

- 

- 

- 

- 

13.64 

■» 

- 

16.05 

~ 

• 

- 

.993 

.993 
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5.0  LIFE  CONSIDERATIONS 


The  service  life  of  an  EV  battery  is  dominated  by  the  failure  modes  and 
deterioration  rates  of  individual  cells.  Some  of  these  factors  were  discussed 
in  Section  1.1.2.  The  selected  cell  interconnection  topology,  control  strategy 
and  maintenance  procedure  generally  reduce  the  influence  of  cell  degradation 
on  battery  response.  However,  certain  cell  failure  modes  could  be  enhanced  by 
the  battery  configuration  and  lead  to  worsened  life  statistics  for  the  battery 
than  for  the  cell. 

At  this  point  in  technology  development,  system  reliability  is  one  of  the 
principal  active  areas  of  analysis.  Response  to  the  following  topics  is  mostly 
qualitative  and  tentative. 

5.1  PRESENT  LIFE  STATUS 

Cell  durability  is  affected  by  electrical  operating  conditions,  mechanical 
abuse  and  design  features  in  addition  to  the  manufacturing  variables.  Although 
several  thousands  of  cells  have  been  tested,  actual  life  data  from  carefully 
controlled  tests  are  meager.  Few  modules  have  been  evaluated,  and  only  one 
full  size  EV  battery  has  been  fabricated  for  test. 

5.1.1  CELL  LIFE 

For  a population  of  384  load-leveling  cells  operating  about  5 cycles  per 
week,  the  failure  statistics  give  fair  fit  to  a Weibull  curve  with  a = 1400 
days  (^1000  cycles),  e = 2.0  [Ref.  1].  Th^s  on-going  test  began  in  January  1981 
and  has  progressed  to  a condition  in  wnich  about  20%  of  the  cells  have  failed. 

A previous  20-cell  test  (circa  1980)  of  load-leveling  cells  gave  a similar 
time  projection  with  a shape  factor  near  unity. 

We  have  not  undertaken  a statistically  significant  test  to  determine  life 
of  our  EV  cells.  Although  many  have  been  on  test  for  considerable  time,  the 
test  conditions  are  frequently  varied  to  explore  response  to  other  variables. 
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The  longest  cycle  life  of  an  EV  cell  presently  on  test  is  1100  cycles,  16 
months. 

The  effect  of  depth  of  discharge  on  cell  life  appears  minor,  although 
excessive  overdischarge  is  likely  to  damage  the  cell.  The  life  limiting 
mechanisms  were  discussed  in  Section  1.1.2. 

5.1.2  MODULE  AND  BATTERY  LIFE  CONSIDERATIONS 

Many  concept  strategies  for  cell  interconnection  and  battery  maintenance 
are  being  analyzed.  No  thorough  validation  of  models  or  optimization  of 
design  exists  to  date. 

5.2  PROJECTED  LIFE  IMPROVEMENTS 

The  planned  approach  to  attain  improved  cell  life  consists  of  incorporat- 
ing more  manufacturing  QC  with  more  extensive  NDE,  coupled  with  continued  basic 
R&D  efforts  to  identify  causes  of  cell  failure.  Control  of  specific  impurities 
and  defects  could  extend  life  significantly  and  be  cost  effective. 

A list  of  expected  technical  improvements  within  the  cell  was  presented 
in  Section  3.  These  improvements  apply  to  cells  of  either  high-power  or  high- 
energy  designs. 

5.3  PERFORMANCE  DETERIORATION 

The  basic  effects  of  resistance  rise,  capacity  decline  and  cell  failure 
during  life  were  described  in  Section  1.1.2.  Initial  response  is  expected  to 
show  a linear  decrease  in  all  battery  performance  parameters  with  cycling.  The 
linear  resistance  rise  model  produces  a corresponding  linear  fall  in  peak  power 
capability.  The  linearly  modelled  capacity  decline  produces  a linear  drop  in 
energy.  Since  the  efficiency  is  high  under  steady  loads,  the  interaction  of 
increased  resistance  with  lower  capacity  does  not  cause  further  reduction  in 
energy. 
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As  the  battery  ages  significantly*  cell  failures  become  more  frequent. 

The  accelerating  rate  of  cell  failures  causes  the  battery  voltage  to  drop  at 
an  increasing  rate.  Energy  varies  about  linearly  with  voltage,  although  effi- 
ciency also  begins  to  fall.  Most  significantly,  the  peak  power  delivered  at 
the  controller's  minimum  voltage  drops  quickly.  The  peak  current  is  determined 
by  the  voltage  spread  between  battery  OCV  and  the  controller  VMIN*  Since 
is  greater  than  half  of  the  initial  voltage,  the  fractional  loss  of  peak  current 
is  more  than  twice  the  fractional  loss  of  cells. 

An  illustration  of  the  decrease  of  battery  performance  over  the  early 
portion  of  life  including  the  first  maintenance  operation  is  given  in  Table  5.1. 
In  this  example,  the  battery  designed  for  the  general  purpose  EV/Van  mission 
is  assumed,  along  with  the  assumptions  listed  in  Table  1.2  for  deterioration 
and  failure  rates  of  cells. 

5.4  RELIABILITY 

At  present,  the  battery  is  imagined  to  consist  of  six  60-cell  modules 
for  purposes  of  packaging  and  support.  However,  it  is  assumed  that  individual 
cells  can  be  replaced  during  a "cool-down"  repair. 

As  seen  in  the  previous  example  of  battery  aging,  Table  5.1,  the  time-to- 
first- repair  is  long  but  the  time  between  failures  becomes  much  shorter  as 
the  battery  ages.  A crude  estimate  of  a possible  repair  schedule  calls  for 
replacement  of  about  15  cells  after  5,  61,  7$,  81,  9,  and  91  years.  This 
schedule  suggests  replacement  of  ^1/4  of  the  cells  to  obtain  a 10-year  battery. 


i 


i 
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Table  5.1.  Deterioration  of  Battery  Performance 
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6.0  OTHER  OPERATIONAL  CHARACTERISTICS 

The  sodium-sulfur  battery  has  a number  of  distinctive  operating  characteris- 
tics. Many  of  these  are  Incompletely  characterized  or  are  significantly  affected 
by  details  of  design.  The  following  responses  are  provided  based  on  our  present 
preferred  cell  interconnection  topology  and  state-of-art  cell  design. 

6.1  SPECIAL  CHARGE  REQUIREMENTS 

Special  charge  control  requirements  are  discussed  below. 

6.1.1  OVERCHARGE  OR  OVERDISCHARGE  EFFECTS 

At  the  end  of  charge,  the  cell  exhibits  a high  polarization  related  to  loss 
of  electrochetnically  active  area.  As  the  available  polysulfide  (NagSg)  decreases 
and  is  replaced  by  insulating  sulfur,  the  charging  current  is  focussed  onto  smaller 
areas  of  the  electrolyte.  Current  densities  can  become  large,  and  gradients  of 
current  density  can  become  extremely  high.  Ultimately,  cell  voltage  rises  until 
limited  by  the  power  source  or  until  the  electrolyte  fractures. 

At  rated  current,  the  cells  normally  withstand  ^5  V repeatedly  without 
failure.  At  low  currents  (1/10  rated),  most  cells  withstand  10  V and  frequently 
withstand  20  V without  apparent  damage.  All  electrolytes  have  been  failed  by 
40  V. 

Following  electrolyte  fracture,  cell  failure  goes  to  completion  in  a 
benign  mode  as  a consequence  of  the  safety  devices  incorporated  into  the  sodium 
reservoir.  A possible  exception  occurs  if  the  conditions  prior  to  failure 
have  caused  excessive  cell  heating,  and  fracture  occurs  when  the  cell  is 
already  above  about  450°C.  Cell  rupture  then  becomes  possible. 

Overdischarge  of  a cell  with  excess  sodium  causes  the  polysulfide  to 
solidify  (NagS^)  and  either  rupture  the  casing  due  to  expansion,  or  develop 
high  internal  resistance  with  accompanying  voltage  reversal  and  copious  heat 
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generation.  Overdischarge  of  a cell  with  limited  sodium  leads  to  a loss  of 
active  anode  area,  high  current  densities  and  extreme  gradients  of  current 
density. 

These  characteristics  are  not  well  quantified.  Most  cells  withstand  over- 
discharge to  below  1 V.  Not  many  cells  survive  voltage  reversal  at  rated  cur- 
rent. Following  voltage  reversal  failure,  completion  of  cell  failure  is  gen- 
erally benign. 

6.1.2  CELL  BALANCING  REQUIREMENTS 

With  long  series  string  connections,  it  is  not  necessary  to  adjust  the 
individual  cells'  SOC  since  each  functional  cell  is  0.99999  faradaic.  Should 
a cell  become  nonfaradaic  due  to  electrolyte  deterioration,  that  cell  is 
expected  to  be  driven  to  failure  by  becoming  out  of  balance,  hence  overdis- 
charged. 

6.1.3  PERIODIC  DISCHARGE  REQUIREMENTS 

Sodium-sulfur  cells  do  not  require  complete  discharge  cycles. 

6.1.4  EQUALIZING  REQUIREMENTS 

As  discussed  above  in  Section  6.1.2,  each  string  does  not  require  internal 
equalization.  As  cell  failures  occur  and  strings  become  unbalanced,  the  ability 
to  recharge  each  string  to  equal  SOCs  depends  on  the  charging  algorithm.  A 
moderate  duration  of  taper  charge  could  be  required  each  cycle  to  restore  full 
capacity.  This  taper  period  is  easily  contained  within  the  8-h  recharge  time 
allotment. 

6.2  MAINTENANCE  REQUIREMENTS 

Some  maintenance  options  are  discussed  below. 

6.2.1  REGULAR  MAINTENANCE 

Ford  Aerospace  has  limited  experience  in  operation  of  full-scale  batteries. 
Conceptual  maintenance  strategies  have  been  generated  but  not  validated. 
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A plausible  strategy  is  described  below.  With  a 10%  initial  margin  in 
battery  performance,  a significant  number  of  cell  failures  can  occur  before 
performance  falls  below  specifications.  Deterioration  is  graceful.  Main- 
tenance can  be  scheduled  at  operator's  convenience.  During  a 1-day  repair, 
the  battery  would  be  cooled,  and  most  defective  cells  replaced  (perhaps  cell 
packs  or  modules  would  be  substituted  and  then  restored  ex  situ).  The  interval 
between  such  required  maintenance  operations  would  be  large  at  first  and  then 
shorten  near  end-of-life.  Maintenance  should  not  be  more  frequent  than  6 months. 

Between  scheduled  repairs,  occasional  brief  maintenance  could  become  neces- 
sary if  a cell  fails  "open"  and  blocks  its  string  current.  This  repair,  at 
temperature,  involves  shorting  out  the  defective  cell  and  could  be  accomplished 
quickly  if  access  into  the  thermal  enclosure  is  provided. 

6.2.2  REFURBISHMENT  OPTIONS 

A number  of  options  for  refurbishment  have  been  proposed.  The  practicality 
of  any  of  these  will  likely  be  determined  by  the  state  of  health  of  the  remain- 
ing "good"  cells,  and  the  characteristics  of  the  cells  after  the  refurbishment 
function.  Some  preliminary  experience  at  Ford  Aerospace  is  encouraging.  The 
cost  benefits  of  such  refurbishment  cannot  be  estimated  at  this  time. 
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7.0  PACKAGING  FLEXIBILITY 

The  sodium-sulfur  battery  offers  good  energy  density  provided  that  the 
system  can  be  packaged  into  a single  volume  with  reasonable  aspect  ratios. 

7.1  VOLUME  REQUIREMENTS 

For  the  design  developed  for  each  mission  in  Section  1,  the  resulting 
battery  volumes  are  listed  in  Table  7.1. 

Table  7.1.  Volume  Requirements 


Mission 

Volume 

ED* 

PD* 

1. 

Present 

285  (1) 

- 

- 

2. 

Commuter 

124  (1) 

103 

216 

3. 

Hybrid 

192  (1) 

82 

279 

4. 

EV  or  Van 

272  (1  ) 

98 

239 

5. 

Full  Performance 

362  (1) 

148 

150 

*After  1 year  service 

7.2  SIZE  LIMITATIONS 

There  is  no  absolute  limit  to  cell  dimensions.  Present  technology 
is  based  on  "single-electrolyte  tube"  cells.  To  maximize  active  area  (power) 
per  unit  seal  perimeter,  cell  length  is  usually  extended  toward  maximum 
manufacturability  limits.  At  short  lengths,  SE,  ED,  and  cost  per  unit  per- 
formance are  degraded  because  of  the  relatively  large  weight  of  the  seals 
and  ends  and  reduced  energy  per  cell.  At  present,  a "soft"  limit  of  about  20  cm 
length  applies  to  EV  applications.  Advanced  cell  concepts  (e.g.,  multitube) 
would  permit  shorter  cells  to  be  developed  which  retain  good  performance  charac- 
teristics. 

7.3  PLACEMENT  OF  AUXILIARIES 

Sodium-sulfur  cells  are  self-contained  and  do  not  require  external  storage, 
pumps  or  crystal izers.  All  components  are  enclosed  within  a single  thermal 
enclosure,  except  for  the  thermal  control  system  and  battery  disconnects. 
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The  air  blower  and  ducting  must  be  located  near  the  battery  and  have 
access  to  the  outside  (preferably  underneath)  of  the  vehicle  to  exhaust  the 
high-temperature  air  when  cooling  is  required.  The  battery  disconnect  devices 
are  to  be  mounted  near  the  enclosure  to  minimize  copper  losses. 

7.4  SCALE  EFFECTS 

A major  feature  of  Na/S  cells  is  that  power  and  energy  are  separately 
adjustable  by  design  of  the  cathode  and  electrolyte.  The  resulting  scale 
effects  for  a battery  are  determined  by  both  the  power  and  energy  levels. 

7.4.1  SCALING  FACTORS  FOR  FIXED  P/E  RATIO 

When  the  specified  power-to-energy  ratio  remains  fixed  while  the  size  of 
the  battery  is  varied,  the  individual  cell  design  remains  fixed.  The  number 
of  cells  would  be  varied  to  meet  the  battery  output.  With  a smaller  battery- 
core,  the  thermal  enclosure  and  auxiliaries  are  reduced,  but  their  weights 
and  volumes  do  not  decrease  in  proportion  to  the  energy  or  power.  Hence  the 
resultant  specific  energy  and  energy  density  are  degraded  as  size  is  reduced. 

An  example  of  the  scaling  factor  effects  was  generated  by  using  the 
commuter  mission  battery  as  base  design  and  comparing  it  to  2X  and  4X  designs. 
The  results  are  indicated  in  Table  7.2. 


Table  7.2.  Scale  Factors  at  Constant  P/E 


25  kW/12  kWh 

SE  (Wh/kg)  88.2 

ED  (Wh/1 ) 103 

T0  (h)  2 


50  kW/24  kWh 

91.4 

110 

2 


100  kW/48  kWh 

99.9 

116 

2 


7.4.1  SCALING  FACTORS  AT  FIXED  POWER 


When  power  is  fixed,  the  area  of  electrolyte  is  about  constant.  Addi- 
tional energy  is  incorporated  into  the  cell  by  increasing  the  reactant  volumes 
and  weights.  To  utilize  the  additional  energy  at  fixed  power,  discharge  time 
must  be  increased  accordingly. 
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An  example  of  the  scaling  factors  applicable  to  this  case  was  generated 
by  taking  the  EV/Van  battery  design  as  base,  and  comparing  to  half- energy  and 
double-energy  batteries  at  fixed  power.  The  resultant  effects  on  SE  and  ED 
are  indicated  in  Table  7.3. 

Table  7.3.  Scale  Factors  at  Constant  Power 


SE 

ED 


60  kW/12.5  kWh 

60  kW/25  kWh 

60  kW/50  kWh 

(Wh/kg ) 

55.5 

82.7 

116.0 

(Wh/1) 

65.1 

99.0 

137.3 

(h) 

1.5 

3.0 

6.0 
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APPENDIX  I 

CONTRACTOR  RESPONSE:  ALUMINUM-AIR  BATTERY 

and 

ALUMINUM-AIR  POWER  CELL 
RESEARCH  AND  DEVELOPMENT 
PROGRESS  REPORT 


CONTRACTOR  RESPONSE:  ALUMINUM-AIR  BATTERY 


by 

John  F*  Cooper 

Imwrence  Livermore  National  Laboratory 
March  24,  19S4 

In  the  first  part  of  this  response,  answers  are  given  to  the  questionnaire 
issued  by  JPL  in  January  1984.  In  the  second  part,  comments  are  mace  on  the 
report,  "Advanced  Vehicle  Subsystem  Technology  Assessment,"  5030-555  Rev  A, 
January  1983.  We  have  also  enclosed  a copy  of  the  most  current  technical 
overview  of  the  project  and  technology,  "Aluminum- Air  Power  Cell  Research  and 
Development:  Progress  Report,"  Proc.  Electric  and  Hybrid  Vehicle  Sytems 
Assessment  Seminar,  Gainesville,  Florida,  December  15-16,  1983;  LLNL  Preprint , 
UCRL-90465  February  22,  1984 

RESPONSE  TO  QUESTIONNAIRE 


1.  Performance  Modelling 

(a)  Performance  modelling  is  based  on  an  equation  interrelating  battery 
weight  (Wb,  kg),  peak  sustainable  power  (P,kU),  and  peak  energy  yield  (E, 
kWh): 

Wb  • 36(P/p)  ♦ 3.5  (E/e) 

where  p is  the  peak  power  density  (kW/m^  of  cell  area)  and  e is  the  peak 
gross  energy  yield  of  aluminum  (kWh/kg-Al).  The  coef f icienfs  depend  on  the 
choice  of  scale  ratios  (P/p  • electrode  area;  and  E/e  * if  aluminum). 

The  values  of  the  coefficients  are  derived  by  dividing  th  mponents  of  a 
battery  into  those  which  scale  according  to  electrode  area,  and  those  which 
scale  according  to  Aluminum  fuel  mass.  In  Table  1.1  below,  component  weights 
are  given  for  (arbitrary)  E ■ 70  kWh,  P ■ 31  kW,  e *5  kWh/kg  and  p * 7 
kW/m*. 


Table  1.1 

Component  weights  based  on  M3- 2 wedge-cassette  and  crystalliser  scale 
parameters:  fg  *0.3  (solid  fraction  of  seed  in  crystalliser  by  volume); 
a«  * 66.1  m^/kg  (area/weight  ratio  of  seed);  volume  of  electrolyte  in 
cells  * 1331  of  interelectrode  volume  for  2 mm  gap. 

Component  basis  Weight (Kg) 


1.  Cells 

M3  cell  design;  1.1  g/cm^;  p • 7 kW/m2 

49 

2.  Cyclones 

Krebs  PC-1;  cast  in  PVC 

2 

3.  Electrolyte 

Crystalliser  and  cyclone  circuit 

21 

Electrolyte 

Cell  circuit  and  manifolding 

14 

4.  Seed  charge 

Alcoa  rate  equation;  Csn"0»06;  T*70°C 

18 

scaled  for  control  at  2.7  M AHOH)^ 

5.  Wedge 

3°  wedge  angle 

26 

6.  Misc. 

case,  impellers,  air-pretreatment,  drive  motor  30 
and  start-up  battery 

7.  Aluminum 

plates;  5 kWh/kg- Al 

14 

8.  Water 

for  reaction  and  evaporation  losses 

32 

9.  Tankage 

water,  electrolyte,  Al(0H)3 

3 

Total 

209 
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The  first  six  entries  are  treated  as  being  proportional  to  electrode  area 
(P/p);  the  last  three  are  proportional  to  aluminum  fuel  aaaa  (E/e).  P and  E 
ahould  not  be  confuaed  with  the  integrated  energy  or  power  delivered  aa  these 
quantities  depend  on  drive  cycle.  However,  peak  gross  and  net  power  yields 
are  the  aaae,  as  the  auxiliary  battery  provides  puaping  energy  during  peak 
excursions*  Met  energy  yield  is  equal  to  96X  of  gross  energy  yield. 

Best  electrode  coabinations  and  cell  dimensions  indicate  a peak  energy  e “ 
4.4  kWh/kg-Al  and  a peak  power  p ■ 6.5  kW/m*  at  teaperatures  of  60-70°C. 

These  values  are  derived  froa  the  polarisations  of  best  electrodes  and  thin 
interelectrode  gaps.  Current  electrode  research  is  aotivated  bv  the 
possibility  of  iaproveaents  to  e ■ 6.0  kWh/kg-Al  and  p * 9 kW/mS  The 
latter  values  aay  be  taken  as  a difficult  but  potentially  achieveable  goal, 
coabining  successes  in  anode  alloy  and  sir-electrode  research  with  advances  in 
cell  design.  The  former  values  are  those  used  by  Behrin  et  al.  (Design 
Analysis  of  an  Aluminum-Air  Battery  for  Vehicle  Operations;  Final  report  to 
OVERD;  UCRL-53382;  March  1983),  and  are  the  basis  for  the  present 
calculation.  The  latter  were  revised  this  year,  and  are  the  basis  for 
projections  for  the  ful 1-performance  electric  vehicle  in  the  1990's  time 
frame*  These  values  are  summarised  below. 


Table  1.2 

Battery  characteristic  values  f.or  "Present"  and  "Full  Peri.  EV. , 1990's  time 
frame"  calculations. 

Parameter  Present  Full  Perf.EV 

Peak-energy  yield  of  Al  4.4  6.5  kWh/kg 

Pea*  sustainable  surface  power  6.5  9 kW/rn^ 

Open  circuit  corrosion  0.12  0«j01  kA fax*- 


Table  1.3 


Data  for  Question  1.  Battery  weights,  peak  power,  and  power  characteristics 
for  E « 50  kWh  and  P - 50  kW. 


vs  Rate 


kg 

W/kg 

20 

60 

80 

100 

157 

200  218  W/kg 

1.  Present 

317  kg 

157 

147 

158 

158 

151 

126 

— — 

5.  Full  Perf.  EV 

229  kg 

218 

218 

204 

196 

192 

— 

164  145 

(b)  The  30-second  peak  specific  power  capability  is  independent  of  the  state 
of  charge  (i.e.,  remaining  quantity  of  limiting  reactant,  aluminum  or  water). 
Consistent  with  current  cell  and  electrode  technologies,  the  peak  power  is 
associated  with  6.5  kW/m^,  and  is  not  decreased  by  system  operation  power 
which  is  delivered  by  the  auxiliary  battery  (under  peak  power  conditions 
only.)  full-performance  is  consistent  with  9 kW/m^. 
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2.  Coat  Projections 

Manufacturing  coat  of  an  aluminum-air  battery  designed  for  Al-air-only 
(i.e.,  non-hybrid)  vehicles  it  estimated  to  be  approximately 
$32/kW-peak-sustainabl e-power , for  "present"  charactariaieca  (6.5  kW/m2) . 

The  coat  scales  with  paak  power  ratine,  and  ahould  become  23  $/kW-peak-power 
if  tha  Full-Performance  value,  9 kW/m*  ia  achieved  in  practical  cell*. 

(That  ia  to  aav,  nearly  all  battery  cot^ponents  acala  with  electrode  area, 
which  ia  inveraelv  proportional  to  peak  power  denaity.)  The  coat  assumes 
praaant  battery  characterietice  aa  described  in  the  report,  "Design  Analysis 
of  an  Aluminum-Air  battery  for  Vehicle  Operations,"  E.  Behrin,  at  al.,  LLNL 
Report  UCRL-53382,  March  18,  1983  (Final  report  of  work  undertaken  for  OVERD). 

Although  design  specifics  and  electrode  performance  objectives  have 
changed  radically  since  publication  of  Benrin's  report,  sucn  changes  nave 
resulted  in  simplification  of  battery  subsystems.  Specifically,  the  scaled 
parallel-plate  cell-stack  design  described  in  the  report  has  been  replaced  by 
the  gravity-fed  wedge-cells  which  have  no  flexing  or  moving  mechanical  parts 
and  are  unpressurited.  The  rotating  drum  filter/separator  has  been  replaced 
by  a single  stationary  vessel  equipped  with  hvdrocyclone  separators  of 
commercial lv-available  designs.  The  essential  operating  characteristics  of 
weoge  cells  and  hydrocyclones  have  been  verified  experimentally  and  are 
reported  in  UCRL-90465. 

3.  Technical  Support  for  Projections. 

Discussion  on  Cost  Projections  and  Electrode  Improvements 

Electrode  performance  estimates.  (See  also  answers  to  questions  2 and  3, 
below.)  The  cost  of  any  fuel  cell  is  generally  proportional  to  the  surface 
area  of  the  cathode  and  inversely  proportional  to  the  surface  power  density  of 
the  cell.  Power  densities  in  excess  of  10  kW/m2  have  been  achieved  using 
unalloyed  aluminum  and  air-depolarised  electrodes  in  cells  tested  at  Hoppeka 
Battery  Company  (Brilon,  West  Germany)  at  high  temperatures  (80°C  or  above) 
in  the  more  conductive  KOH  solutions. 

The  "present"  open  circuit  corrosion  is  routinely  achieved  with  unalloyed 
aluminum;  and  also  with  certain  alloys  developed  on  a proprietary  basis  for 
El  tech  bystems  by  OSU.  The  "EV"  value  for  open  circuit  corrosion  has  been 
approached  with  the  use  of  a HaCN  corrosion  inhibitor  (0.01  M NaCN,  4M  NaOh, 
T“40°  C)  in  combination  with  certain  alloys;  nere  o.c.  corrosion  was  2 
mA/cm2  and  fell  below  the  limit  of  detection  ( ca.  0.5  mA/cm2)  at  -1.6  V 
vs  Hg/HgO;  this  result  and  homologous  compositions  may  be  patentable  and 
should  not  be  disclosed. 

Life-cycle  advances  in  the  air  electrodes  catalyzed  with  oacrocyclic 
catalysts  were  reported  in  UCRL-90465;  currently  drive^ycl*  life  stands  at 
about  1500  cold  startups,  an  increase  by  an  order  of  magnitude  since  the  start 
of  the  program.  Aluminate  and  aluminum-trihydroxide  have  been  found  to  be 
catalysts  for  peroxide  decomposition.  Parallel  tests  in  electrolytes  baring 
aluminate  and  pure  caustic  electrolytes  indicated  longer  lifes  in  the  former. 
We  believe  that  3000  drive  cycles  (4  year  road  life)  might  be  a reasonable 
goal;  however,  current  attention  at  Eltecb  Systems,  Inc.  is  focused  not  on 
extension  of  cycle  life  but  on  developing  continuous  processes  for  cathode 
mass  production. 
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The  standard  drive  cycle  liCe  consists  of  a series  of  constant-current 
plateaus  between  1-  end  b tt/i2  followed  by  standby  at  open  circuit. 
Drive-cycles  are  designed  to  imitate  a typical  trip,  750  of  which  are  covered 
in  single  year.  Failure  is  associated  with  processes  occuring  within  the 
first  hour  of  shut  down  and  hold  on  open  circuit.  The  deterioraton  is 
associated  with  a loss  of  catalytic  activity,  possibly  the  result  of  corrosion 
and  isolation  of  carbon  particles.  The  process  apparently  is  self-inhibiting, 
and  does  not  continue  beyoud  the  first  hours  of  standby.  Life  extension  is 
being  sought  through  the  use  of  corrosion-resistant  carbons,  heavier  loadings 
of  mac r acyclic  catalysts,  self-regenerating  catalysts  (e.g. , sparingly-soluble 
catalysts),  improved  wet-proofing  agents,  and  improved  mechanical  support  of 
the  carbon-Tef Ion  matrix. 

Beyond  any  doubt,  the  area  of  greatest  potential  improvement  is  that  of 
the  anode-alloy / electrolyte/  operating-temperature  combination.  With  the 
exception  o'  «ork  performed  bv  Reynolds  under  subcontract  to  LLNL,  almost  no 
research  t.a<  ->een  undertaken  under  DoE  sponsorship.  This  area  is  being 
actively  pursued  by  privately-sponsored  projects  by  El  tech  (at  OSU);  Alcan, 
Ltd.  (ca.  $lM/v);  at  Atlantic  Richfield  (Uarvey  111.),  ca.  $300K/v;  and  at 
General  Motors  (Warren,  Ml),  undisclosed  level.  A small  research  program  is 
believed  to  be  conducted  at  South  African  National  Research  Center. 

Generic  approaches  to  the  modification  of  energy  yield  and  power  include: 

(1)  Vacancy  injection  or  lattice  modifications.  Use  of  trace  (100  ppm) 
loadings  of  dissimilar-valence  metals  (Si,  V,  Ga)  to  alter  the  vacancy 
concentration  in  either  the  metal  or  oxide  sublattice  of  the  anodic  surface 
film;  henwe  alteration  of  the  resistance  of  the  film  to  the  mobile  ion  (either 
A1  or  0)  Broad  classes  of  lattice  expanders"  or  "lattice  contractors"  have 
been  identified  and  discussed  in  the  literature;  these  effect  changes  in 
mobility  of  the  aluminum  or  oxidic  species. 

(2)  Selective  inhibition  of  the  water-reduction  reaction.  Use  of 
metal-phase  or  electrolyte-phase  poisons  for  the  water-reduction  mechanism 
responsible  for  hydrogen  evolution.  Examples  here  include  Sn,  CN,  P,  Tl,  and 
Pb.  Often  these  materials  tend  to  deposit  on  grain  boundaries  or  inclusions 
having  low  overpotsntials  for  K2  evolution. 

(3)  Complexing  or  segregation  of  undesirable  siaterials.  Certain  materials 
are  used  to  segregate  undesirable  impurities  common  to  low-cost  smelter-grade 
aluminum.  For  example,  Mn  is  used  to  form  intermetallic  clusters  of  Mu,  Fe, 
and  Al , which  have  greatly  reduced  activities  from  the  standpoint  of  water 
reduction.  The  alloy  developed  by  Reynolds  was  found  to  yield  85Z  of  the 
energy  of  RX808,  yet  cost  essentially  the  same  as  5A  base  smelter  metal.  (See 
UCRL-90465. ) 

(4)  Alteration  of  thick  surface  layers.  The  addition  of  Mg  to  the  alloy 
has  an  indirect  by  profound  effect  on  coulomoic  efficiency.  Surface  layers  of 
insoluble,  loosely-adherent  MgO  may  entrap  electrolyte  and  create  a local 
electrolyte  composition  different  from  that  of  the  bulk.  Gallium  may  effect  a 
red  ution  in  anode  surface  film  adherence.  The  combination  of  Mg  and  Ga  is 
responsible  for  the  high  surface  power  density  and  coulombic  efficiency  of 
RX8G8.  This  is  currently  under  investigation  by  El  tech  under  subcontract  at 
OSU. 


(5)  Use  of  high  purity  atti 1».  Iron,  being  deleterious  to  eoulombic 
efficiency,  can  be  largely  resoved  from  Ball-Cell  metal  through  control  of 
coke,  alumina,  cell  lining,  and  plant  practices.  (For  example,  a iron  pick  is 
used  to  break  the  cryolvte  crust  each  time  alumina  is  added  to  the  cell;  it 
readily  dissolves  in  the  melt.)  Reynolds  assessed  the  increase  of  cost 
associated  with  achieving  0.04%  Fe  levels;  results  are  reported  in  UCRL-90465. 

Production  of  high  purity  Ball  cell  metal  may  be  unnecesaary.  Current 
processes  exist  for  the  partial  crystallisation  of  highly  pure  metal  from  a 
molten  stream  combining  the  separate  outputs  from  a large  array  of  Ball 
cells.  This  "single  pass  zone  refining"  might  be  used  to  produce  highly  pure 
metal  for  battery  fuel  applications  as  a byproduct  of  a large  plant. 

Currently  there  is  very  little  market  for  high  purity  aluminum  other  than 
experimental  uses  or  "sweeteners"  for  certain  aircraft  alloys. 

Advanced  processes  for  aluminum  production  (likely  to  be  introduced  within 
the  early  1990's)  do  not  have  the  same  impurities  or  levels  of  impurities 
associated  with  Hall  Smelter.  The  Alcoa  Smelting  Process  utilizes  a 
vapor-phase  separation  of  AICI3,  and  uses  no  dissolving  iron  parts;  the 
process  incidently  consumes  only  8. 3 kWh/kg-Al.  The  Mitsui  carbothermic 
reduction  process,  now  in  pilot  investigations,  distills  Al  from  a Al/Pb  melt 
used  to  extract  the  metal  from  alumina/carbon  brickets.  The  iron  content  is 
well  below  that  of  common  smelter-grade  aluminum. 


In  all,  it  should  not  be  assumed  a priori  that  a cheap  aluminum  alloy  must 
be  based  on  metal  of  current  conmercial  purities. 

(6)  Alterations  of  electrolyte  composition  and  operating  temperature. 
One-ha 1 f of  the  resistance  of  the  aluminun-air  cell  (3.2  mm  spacing)  is 
associated  with  resistance  of  the  NaOH  electrolyte  in  the  interelectode  gap. 
Electrolytes  of  higher  conductivity  (KOH  or  KOH/NaOH)  are  being  investigated, 
together  with  interelectrode  gaps  below  2 u to  decrease  this  loss.  Cell 
power  increases  by  20Z  per  10  *C  increase  in  temperature — as  expected  for  an 
electrolyte  resistance.  Increase  of  operating  temperature  from  60  to  80  *C 
should  incease  surface  power  density  from  typical  values  of  6 kW/m2  to 
nearly  9 kW/m2,  when  electrolyte  resistance  and  electrode  polarizations  are 
taken  into  account.  The  limiting  factor  in  temperature  increase  is 
water-reduction  rate,  which  also  shows  an  Arrhenius  dependence  on 
temperature.  The  reader  is  reminded  that  advances  in  eoulombic  efficiency 
have  their  primary  benefit,  not  in  increased  energy  yield  (eoulombic 
efficiencies  are  generally  above  90%),  but  in  increased  power  density. 


Anode  research  will  receive  the  major  emphasis  following  successful 
operation  of  full-scale,  integrated  batteries  (five-cell  modules)  at  the  end 
of  the  current  calendar  /ear.  Alcan  has  reported  to  us  the  existence  of  a 
numoer  of  new  alloys  of  performance  superior  to  either  pure  aluminum  or  RX808 
models,  including  new  classes  of  alloys  not  requiring  electrolyte  corrosion 
inhibitors.  A cell  operating  at  2 V is  claimed.  This  work  is  not  done  under 
DoE  auspices  and  exact  compositions  were  not  disclosed  to  us.  Hence,  I an 
unable  to  independently  confirm  these  claims,  although  1 have  no  reason  to 
believe  that  they  are  exaggerated. 


Component  Improvements.  The  use  of  hydrocyclones  of  advanced  design  has 
resulted  in  a major  simplification  of  battery  design  as  well  as  cost 
reductions.  The  hydrocyclones  were  developed  by  Krebs  Engineers  for 
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industrial  applications.  The  units  tested  in  our  laboratory  with  the 
experiments  on  integrated  cells  and  crystallizers  feature  involute-spiral 
entrance  chambers  which  greatly  increases  operating  efficiency.  Two  or  three 
units  would  consume  about  IX  of  gross  battery  power  output;  power  consumption 
can  be  further  reduced  by  placing  cyclones  in  series  to  stage  the  particle 
separation. 

Air  Electrode  Cassettes.  Tne  use  of  air-electrode  cassettes  which  are 
individually  removable  and  replaceable  relax  quality  control  constraints  on 
the  air  electrodes.  Incipient  failure  or  deterioration  can  be  detected,  and 
the  electrode  may  ’ e replaced  without  loss  of  the  stack.  (This  is  not 
practical  with  fuel  cells  because  of  the  5-6-fold  increase  in  gas-diffusion 
electrode  area  per  unit  of  gross  power,  and  the  corresponding  increase  in  the 
weight  of  the  supporting  cassettes.) 

Air  electrode  cost  projections  of  $100/m2  assuming  large  scale 
production  and  semi-automated  continuous  fabrication  processes  (replacing 
current  small-scale  batch  processes)  and  non-precious  metal  catalysts.  This 
goal  is  consistent  with  those  of  many  air-electrode  developers.  The  cost 
includes  a stamped  or  injection-molded  polypropylene  holder  (cassette).  Note 
that  the  replaceable  unit  does  not  necessarily  include  electrolyte  manifolding 
as  in  the  Reference  Cells.  Solution  side  current  collectors  need  not  be 
replaced  along  with  the  cassettes  and  are  expected  to  last  the  life  of  the 
vehicle. 

4.  Energy  Balance 

Startup  and  shut-down.  Current  approach  to  shut  down  involves  draining 
electrolyte  from  the  cells  into  the  crystallizer,  followed  evaporation  of 
electrolyte  adhering  to  the  anodes.  Using  the  latent  heat  of  the  anode  miss, 
tnis  is  accomplished  in  a few  seconds.  Tests  on  50-cm2  cells  show  that  the 
loss  approaches  a steady-state  velue  of  1.2  g/m2-shutdown.  For  e * 4.4 
kWn/kg,  p * 6.5  kW/m2  and  730  shutdowns  per  year,  this  constitutes  a loss  of 
29  kWh/year:  or  40  tfh  per  shutdown  for  segments  2 and  4.  For  e * o kWn/kg*Al 
and  p * 9 kw/m2,  the  loss  per  shutdown  is  also  about  40  Wn.  This  effect  is 
certainly  dependent  on  alloy  composition  and  electrolyte  composition,  and 
passivation  of  the  aluminum  cannot  a priori  be  expected  to  occur.  It  will  be 
difficult  to  satisfy  this  constraint  while  achieving  the  high  energy  yield  and 
high  power  density  levels.  Nevertheless  flash  evaporation  and  induced 
passivation  is  one  of  the  constraints  that  should  be  observed  in  our  alloy 
development  project. 

Shunt  currents  are  generally  not  a problem  a^  we  are  not  concerned  with 
redistribution  of  metal  upon  prolonged  cycling.  The  resistance  of  the 
electrolyte  paths  between  adjacent  cells  is  currently  on  the  order  of  6 ohms, 
and  could  be  reduced  further;  cell-cell  voltage  difference  is  about  1.6  V; 
current  delivered  per  cell  is  120  A.  Therefore  loss  is  about  0.2X. 

Parasitic  looses  are  associated  with  the  hydrogen  evolution  reaction.  For 
model  electrodes  this  ranges  from  2-25  mA/cm2  on  open  circuit  and  falls  off 
with  increasing  current  density.  Segments  1-3  contain  25  s each  of  standby, 
resulting  in  losses  of  1.5-19  Wh/segjtent,  for  EV  and  present  calculations. 
Segment  4 contains  50  s standby,  resulting  in  a loss  of  3-36  Uh/segment  for  EV 
and  present  calculations. 

Self-discharge.  (Answered  separately  under  parasitic  and  shut-down 
categories). 
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Thermal  loss.  M/A  under  specified  operating  condition*  end  cycles. 
Charge  efficiency.  M/A 
5.  Life  Considerations 


As  anodes  are  intended  to  last  only  one  cycle,  life  cycle  is  limited  by 
cathode  failure.  Current  life  cycles  of  1500  have  been  achieved,  and  actual 
life  may  be  longer:  the  most  recent  tests  failed  because  of  computer 
malfunction,  not  cathode  failure.  Very  little  statistical  data  is  available 
as  identical  electrodes  have  been  tested  in  insufficient  numbers. 

Polypropylene  is  indefinitely  stable  in  caustic  eliminate.  PVC  is 
effectively  stable  as  well,  and  can  be  extended  with  alumina. 

1 am  not  too  concerned  that  scale  formation  will  be  a serious  problem  in 
this  battery,  although  we  are  currently  planning  experiments  to  investigated 
this.  If  growth  mechanisms  apply  to  the  development  of  scale  on  the  inside  of 
the  crystallizer,  the  mass  of  the  scale  cannot  be  more  than  the  annual 
throughput  of  hydrargillite  (ca.  1500  kg)  multiplied  by  the  ratio  of  vessel 
surface  area  to  seed-surface  area  (1  m^/1500  m^),  which  indicates  a film 
growth  of  0.4  mm/year;  this  is  trivial.  While  scale  formation  may  entail 
agglomeration  or  porous  material  at  an  order  of  magnitude  higher  rates,  our 
colleagues  at  Alcoa  and  more  recently  at  Alcan,  Ltd.  tell  use  that  convection, 
vibration  (flexing  of  walls)  and  non-stick  walls  reduce  scale  formation  or 
adhesion.  Coating  critical  parts  (valves  and  impellers)  with  Teflon  may  be 
necessary.  An  ice-cream  scrapper  may  be  useful  in  the  crystallizer  vessel. 

Again,  air  electrode  cassettes  which  form  the  body  of  the  cell  in  contact 
with  electrolyte  are  designed  to  be  individually  replaced  upon  failure  or 
malfunction.  Electrolyte  residence  is  to  brief  in  the  c“lls  given  normal 
driving  patterns  for  scale  buildup  to  be  a problem.  We  do  not  expect 
solution-side  current  collectors  to  constitute  a failure  mechanism,  as  these 
are  cathodically  protected  by  the  aluminum.  Pumps  and  valves  are  the  likely 
sites  of  failures. 

6.  Other  Operational  Characteristics 

(a) .  Special  charge  requirements.  Over-discharge  results  in  a gradual, 
non-destructive  loss  of  power.  This  would  be  accompanied  by  the  gradual 
withdrawal  anode  wedge  into  the  cell.  As  the  anode  falls  at  a rate  of  about 
1.2  micrometers/s  at  cruise  velocities,  one  would  travel  140  miles  per  cm  of 
fall,  accompanied  by  an  SX  loss  of  power. 

Cell  equalizing  will  be  required  at  a frequency  which  we  cannot  now 
estimate.  This  is  accomplished  by  adding  fuel  plates  of  different  heights  to 
the  various  cells.  The  cells  share  a common  electrolyte  through  exchange  with 
the  crystallizer;  hence  no  individual  balancing  is  required. 

Periodic  complete  discharge  is  not  required. 

(b) .  Maintenance.  Refueling  is  to  be  accomplished  by  tap  water  additions 
(250  miles)  and  aluminum  additions  (at  frequencies  of  100-3000  miles)  by  the 
vehicle  owner  in  his  own  garage.  Aluminum  fuel  plates  could  also  be  vended  by 
machines  or  service  stations.  Cells  are  designed  for  refueling  by  adding 
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plate*  of  appropriate  height  to  a dry  chamber  above  the  cell;  the  wedge  ia  not 
disturbed  hv  thia  operation,  nor  is  contact  to  be  expected  with  electrolyte  or 
electrolyte-wetted  components.  Hydrargillite  withdrawals  at  frequencies  of 
250-500  miles  are  required.  The  hydrargillite  is  in  water-washed,  drained 
form.  Again  this  may  be  done  either  in  the  owner's  garage  or  at  central 
stations  (in  a manner  commercially  analogous  to  collection  of  aluminum  cans). 
In  the  long  range,  service  stations  might  compete  with  owner  servicing. 

battery  refurbishment  has  not  been  explored.  Possibility  of  refurnishing 
the  air  electrodes  by  doping  with  a sparingly  soluble  macrocyclic  catalyst  has 
been  discussea.  We  do  not  regard  this  issue  as  premature. 

7.  Packaging  Flexibility 

Overall  specific  gravity  is  about  0.6.  Nevertheless  we  do  not  consider 
volume  to  be  a limiting  factor  for  three  reasons. 

(1)  Much  of  the  volume  of  the  battery  is  in  the  form  of  water  and  product 
tankage,  which  can  be  shaped  to  fit  the  contours  and  placed  in  parts  of  the 
vehicle  not  normally  used  (e.g.,  doors,  underpan  spaces,  structural  tubes, 
spaces  under  the  seat,  etc.).  Without  any  special  care,  Alcan  was  able  to  fit 
the  entire  quarter-scale  battery  (based  on  Behrin's  1982  design),  motor,  and 
motor  controller  within  a quarter-scale  Chrysler  for  the  SAE  conference.  The 
only  component  of  rigid  design  is  the  cell  stack,  which  occupies  180  liters 
per  100  cells.  An  efficient  crystallizer/separator  design  may  require  a 
specially  allocated  volume. 

(2)  The  open  spaces  required  for  heat  transfer  in  the  aluminum-air  battery 
are  located  within  the  cassettes  in  electolvte  return  channels  and  in 
air-manifolding  channels.  Heat  transfer  interfaces  for  batteries  with 
exothermic  charge  or  discharge  reactions  generally  coincide  with  the  surface 
of  the  battery  box;  hence  the  volumes  are  likewise  required  but  are  not 
counted  in  specific  gravity.  For  this  reason,  a volume  specification  cannot 
be  applied  uniformly  to  these  different  configurations. 

(3)  The  apparent  volume  "ower  density  limitation  is  the  consequence  of 
over-constraining  the  JPL  vehicle  baseline.  If  volume  were  a problem,  it  is 
all  too  easy  to  buy  additional  space  by  raising  the  hood  or  choosing  a longer 
car.  Raising  the  hood  two  inches  buys  about  140  liters  of  additional  volume 
(1/3  the  volume  of  the  "present"  battery  1). 

(c)  Relative  placement  considerations  allow  some  flexibility  in  using 
tankage  to  absorb  collision  impact,  or  to  absorb  caustic  spills. 

(d)  The  battery  scales  according  to  power  rating.  A 10  kWh  battery  is 
immaterially  different  from  a lo  kWh  battery  of  the  same  power:  the  only 
differences  are  size  of  the  water  and  product  tanks  and  the  mass  of  aluminum. 
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COMMENTS  ON  "ADVANCED  VEHCLE  SUBSYSTEM  TECHNOLOGY  ASSESSMENT" 

REPORT:  5030-555  Rev. A 

Some  updating  of  this  material  is  warranted.  Comment#  are  by  section. 

Battery  Description.  Regenerative  breaking  is  quite  appropriate  for  this 
battery,  as  it  can  offset  or  eliminate  the  system  power  requirements  which 
(except  under  peak  power  conditions)  come  from  an  auxiliary  secondary 
battery.  Moreover,  some  peak  shaving  power  can  be  supplied  by  regenerative 
breaking  with  an  appropriately  designed  battery  which  could  provide  auxiliary 
power  as  well.  I understand  that  JPL  is  taking  this  into  consideration  in  the 
revised  modelling,  this  important  option  should  be  included. 

The  hydrargillite  is  washed  and  drained  to  yield  Al(OH)3t  not  alumina. 

The  refueling  time  estimate  by  Interplan  (15  minutes  for  aluminum  plate 
addition)  was  not  updated  for  the  wedge  cells.  Here  plates  are  dropped  into 
individual  slots  on  the  battery  box,  and  refueling  should  be  comparable  to 
automotive  refueling,  i.e.,  about  5 minutes. 

Performance  characteristics.  Possibly,  the  water  of  reaction  would  be 
stored  within  the  hydrargillite  container,  as  the  product  powder  la  aoout  45X 
air. 


Energy  Efficiency.  The  production  of  aluminum  is  not  inherently 
inefficient:  aluminum  can  be  electrowon  from  the  melt  under  conditions 
approaching  reversibility.  Most  older  Hall  smelters  were  designed  for 
maximum  production  and  not  energy  efficiency.  Until  the  last  10-15  years,  the 
cost  of  energy  did  uot  appear  in  the  equation  for  economic  optimization  of 
cell  design  (although  energy  costs  dictated  geographical  location  of  the 
cell).  Currently,  commercial  Hall  cells  have  been  operated  Pechinney  St. 
Lucienne  at  an  average  rate  of  11.3  ktfh/kg.  The  Alcoa  smelting  process  in 
large  cells  consumes  8.3  kWh/kg  of  electrical  energy.  Finally,  a consortium 
of  Japanese  industries  is  currently  developing  the  Mitsui  carbothermic 
reduction  process  which  consumes  no  net  electricity  yet  produces  a highly  pure 
product.  Commercial  application  of  at  least  one  advanced  process  is  highly 
likely  in  the  1990's,  as  the  aluminum  industry  is  evolving  under  the  same 
energy-economy  pressures  which  motivate  electric  vehicle  development. 

Advanced  electrochemical  processes  for  aluminum  production  indicate 
electrical  efficiencies  (utility  to  battery  terminals)  of  51-72X,  based  on 
4.3-  and  6 ktfh/kg-Al  peak  yields.  Carbothermic  reduction  processes  would 
reduce  energy  consumption  still  further,  and  result  in  aluminum  being  among 
the  most  efficient  of  all  uses  of  primary  coal  energy  in  transportation*  We 
believe  it  is  unwarranted  to  (1)  assume  major  advances  in  electric  vehicle 
battery  technology  while  (2)  assuming  no  advances  in  aluminum  smelter 
technology. 

There  are  other  differences  between  secondary  battery  and  electrochemical 
fuels.  Unlike  the  use  of  distributed  electricity,  aluminum  smelters  pay 
relatively  little  electricity  "distribution"  losses,  and  energy  loss  of 
transporting  metal  and  product  is  small  compared  to  electrical  distribution. 
Moreover,  the  practice  of  locating  aluminum  smelters  in  remote  power  sites 
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(James  Bay  or  N.  Australia  coal  districts)  or  with  very  Isrge  utilities 
(Parana  River)  allow  aluminum  production  to  “scavenge"  energies  of  lower  than 
average  economic  value.  There  is  simply  no  bssis  for  sttempting  to 
cross-compare  energy  systems  based  on  so  radically  different  energy  sources 
and  economics  as  the  aluminum  industry  and  distributed  urban  electricity. 

Charge  efficiency  The  value  of  361  for  electrical  energy  generation 
efficiency  does  not  derive  from  an  assumption  of  on-site  electrical  generatior 
and  use.  Rather  it  is  based  on  the  fact  that  the  industry  is  a user  of 
oase-load  energy,  the  production  of  which  is  more  efficient  than  that  of 
distributed  urban  electricity,  which  includes  contributions  of  peak-shaving 
plants.  (Despite  the  mythology » there  is  no  a priori  reason  for  assuming  the 
consumer  will  charge  his  vehicle  late  at  night  unless  he  is  given  an  economic 
incentive  for  doing  so.) 

Cost  Projections.  The  estimated  cost  of  the  air  electrode  cassette 
(electrode  and  minimum  supporting  structure)  is  $100/i&2,  assuming  a 
macrocyclic  catalyst  and  continuous  fabrication  processes.  Platinum  is  not 
under  consideration  for  a vehicle  catalyst  because  of  higher  cost,  poorer 
polarization  and  life-cycle  values,  and  limited  availability.  On-road 
cycle-life  is  not  expected  to  be  below  two  years  (1460  cold-startups)  and  a 
1990's  projected  level  of  3000  is  a reasonable  goal  for  electrode  development. 

Conclusions.  Again,  the  apparent  problem  arising  from  the  low  specific 
gravity  of  the  system  is  an  artifact  of  JPL  vehicle  baseline  assumptions  and 
the  result  of  Al/Air  battery  design  considerations  (which  make  use  of  a large 
internal  air  volume  for  heat  transfer).  With  a different  choice  of  vehicle, 
no  problem  arises  (except  for  modellers!) . 
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ALUMINUM-AIR  POWER  CELL  RESEARCH  AND  DEVELOPMENT: 


PROGRESS  REPORT* 


John  F.  Cooper 


Abstract 


An  aluminum-air  battery  is  under  development  with  the  objective  of 
providing  an  electric  vehicle  with  the  range,  acceleration  and  rapid  refueling 
capability  of  common  automobiles.  From  tested  refuelable  cell  designs,  a 
wedge-shaped  cell  was  chosen  for  mechanical  simplicity  and  for  its  capability 
of  full  anode  utilization  and  rapid  partial-  or  full  recharge.  The  cell  uses 
tin-plated  copper  tracks  (trianguar  cross  section)  to  maintain  a constant 
interelectrode  separation  and  to  collect  anodic  current.  Rectangular  slabs  of 
aluminum  enter  the  cell  under  gravity  feed  and  gradually  assume  the  wedge 
shape  during  dissolution.  The  feed  is  constant  and  continuous  and 
tin/aluminum  junction  losses  are  7 mV  at  2 kA/m^.  A second  generation  wedge 
cell  has  been  developed  which  incorporates  air-  and  electrolyte  manifolding 
into  individual  1 v-replaceabl e air-cathode  cassettes. 

A prototype  wedge  cell  using  replaceable  cassettes  was  operated 
simultaneously  with  a crystallizer,  which  stabilized  aluminate  concentration 
and  produced  a granular  aluminum-trihvdroxide  reaction  product.  Electrolyte 
was  circulated  between  cell  and  f luidized-bed  crystallizer,  and  particles  of 
sizes  greater  than  0.015  mm  were  retained  within  the  crystallizer  using  a 
hvarocvclone . 

Air  electrodes  have  been  tested  over  simulated  vehicle  drive  cycles  whicn 
include  a standDv  phase  in  cold,  supersaturated  electrolyte.  Electrodes  using 
advanced  sintering  and  wet-proofing  techniques  and  catalyzed  with  a non-noble 
metal  catalyst  (CoTMPP)  have  been  operated  for  over  1400  drive-cycles 
(corresponding  to  a two-year  road  life). 

Fuel  costs  of  $1.72/kg-Al  (installed)  were  estimated  on  the  basis  of  model 
alloy  production  and  distribution  costs,  leading  to  a projected  operating  cost 
of  b-10^/^:'.le , depending  on  alloy  and  vehicle  drive-train  efficiencies. 
Unalloyed  aluminum  yields  a peak  of  4.5  kWh/kg,  while  an  advanced  industrial 
Hall  Process  and  the  pilot-plant  Alcoa  Smelting  Process  have  electrical  energy 
consumptions  of  11.3-  and  8.3  kWh/kg,  respectively.  The  significance  of 
energy-use  estimates  for  the  1990's  and  beyond  is  discussed. 


*Work  performed  under  the  auspices  of  the  U.S.  Department  of  Energy  by  the 
lawrence  Livermore  National  laboratory  under  contract  no.  W-7405-ENG-48. 
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1 .0  Objectives 


The  refuelable  aluminum-air  battery  is  being  developed  for  electric 

vehicle  applications  because  of  its  potential  for  providing  the  range. 

1 2 

acceleration  and  refuelabilitv  of  common  automobiles.  * Aluminum  as  a 
vehicular  fuel  cannot  compete  with  gasoline  derived  from  conventional  sources 
of  petroleum  and  selling  at  today's  prices.  Nevertheless  mechanical 
refuelabilitv,  high  specific  energy  and  power,  and  the  energetics  of  aluminum 
production  suggest  a route  to  conserving  the  quality  of  transportation  ;n  an 
era  of  petroleum  scarcity  and  price  increases  brought  about  by  political  or 
natural  causes. 

The  use  of  aluminum  as  a recyclable  electrochemical  fuel  would  be  roughly 

comparable  in  energy  use  and  cost  to  synthetic  liquid  fuels  derived  from 
3 4.. 

coal.  1 However,  it  would  avoid  the  essential  dependence  on  carbonaceous 

primary  resources  and  the  environmental  degradation  associated  with  the 

massive  conversion  of  coal.  The  production  of  aluminum  as  such  does  not 

presuppose  particular  primary  energy  resource,  a strategy  for  its  conversion, 

or  a specific  geographical  location  for  industrial  production.  The  metal  is 

light  enough  to  be  transported  trans-oceanic  distances  without  incurring 

prohibitive  freight  costs — thus  bringing  a national  fleet  of  vehicles  access 

4 5. 

to  a world  production  market.  * The  existence  of  a large  aluminum  industry 
is  an  additional  advantage.  Projected  aluminum  demand  in  the  1990's  is  large 
enough  —roughly  12  Mtonnes/y— to  absorb  the  gradual  introduction  of  a million 
aluminum-air  vehicles  (0.58  Mtonne/y).  Finally  the  aluminum  industry  will 
evolve  within  the  time  frame  of  possible  vehicle  introduction  as  a result  of 
rising  electricity  costs.  This  expectation  requires  that  we  consider  the 
impact  of  new  industrial  processes  that  are  operating  now  or  likely  to  be 
introduced  in  the  next  decade. 


1-18 


Aluminum  feed 


1-19 


cell  stack  of  wedge-shaped  cells  and  a fluidized  bed  crystallizer.  Curren 
collection  in  the  cell  is  effected  by  parallel  tracts  of  copper  which  make 
contact  with  the  aluminum  at  the  electrolyte  interface 


Background 


two  basic  components  of  an  aluminum-air  battery — cell  and  crystallizer- 
are  shown  in  Figure  1.  We  have  developed  a wedge-shaped  cell  (based  on  a 
concept  proposed  to  A.  Oespic)6  with  the  objective  of  full  utilization  of 
the  aluminum  fuel.  The  cell  consists  of  two  sir-cathode  cassettes  held  at  an 
angle  of  3 or  6°.  On  the  surface  of  each  cassette  are  metal  tracts  serving  as 
cell  separator  and  anode  current  collector.  The  aluminum  dissolves  on  the 
faces  opposite  the  cathodes  and  maintains  a wedge  shape  as  it  is  consumed. 
Ketangular-slab  fuel  plates  gradually  assume  the  wedge  shape  as  they  enter  the 
cell  under  gravity  feed. 

Refueling  is  accomplished  by  addition  of  the  rectangular  plates  io  a dry 

chamber  above  the  cell  and  tap  water  to  a storage  tank.  Plate  addition  is 

simple  and  safe  enough  (from  the  perspective  of  the  refueler  and  the  fragility 

of  the  cell)  to  suggest  refueling  by  the  owner  in  his  own  garage.  A year's 

3 

supply  of  aluminum  plates  would  occupy  0.21  m (7  cu  ft),  while  a month's 

3 

accumulation  of  reaction  product  would  occupy  about  0.12  m (i.e.,  about  one 
standard  33  gallon  container). 

Individual  cassettes  (Figure  2)  may  be  removed  and  replaced  upon  electrode 
disfunction  or  failure.  The  use  of  cassettes  reduces  cost  and  quality  control 
requirements  relative  to  multiple-cell  stacks  which  cannot  easily  be 
disassembled. 

The  predominant  electrochemical  reaction  in  the  cell  is: 

A1  + 3/2  H20  ♦ 3/4  02  ♦ NaOH  - N*A1(0H)4  (1) 

Also  hydrogen  gas  is  evolved  at  the  anode  as  a side  reaction  at  a rate 
depending  on  composition  of  the  anode  alloy,  aluminate  concentration, 


temperature , and  the  use  of  corrosion  inhibitors  (eg.,  sodium  stannate). 

This  reaction  does  not  generally  exceed  5-102  of  the  rate  of  aluminum  disso- 
lution and  coulombic  efficiencies  exceeding  97%  are  obtained  with  unalloyed 

2 

aluminum  under  time-averaged  discharge  rates  of  2 kA/m  . Catalytic 
recombination  (or  controlled  combustion)  of  hydrogen  and  oxygen  in  the  air 
stream  over  the  cell  will  be  required  for  safe  vehicle  operation. 

The  crystallizer  catalyses  the  decomposition  of  the  supersatuated 
caustic-aluminate  to  form  granular  aluminum  trihydroxide  in  the  hydravgil lite 
polymorph: 

NaAl(OH)  - Al(OH).  + NaOH  (2) 

4 3 

As  nydrargillite  is  an  intermediate  feedstock  of  the  aluminum  industry, 
reaction  (2)  suggests  the  possibility  of  recycling  to  produce  either  aluminum 
or  alumina  products.  (Explicit  recycling  to  produce  aluminum  fuel  plates  is 
conceivable  but  not  necessary  until  the  vehicle  fleet  becomes  large  enough  to 
seriously  perturb  the  alumina  market). 

The  crystallizer  is  a fluidized  bed  charged  with  about  18  kg  of  hydrar- 
gillite  particles  of  maximum  size,  50  micrometers.  A a shown  in  the  system 
flow  chart  of  Figure  3,  a hydrocyclone  has  been  chosen  as  the  means  of 
separating  the  relatively  cle*r  caustic  aluminate  electrolyte  from  the  exit 
stream  of  the  crystallizer.  The  power  required  by  the  hydrocyclone  is  not 
more  than  IX  of  the  gross  battery  power  for  a separation  cut  point  of  15 
micrometers.  This  separation  would  confine  99+2  of  the  hydrargillite  to  the 
crystallizer.  The  other  components  are  provided  for  selectively  removing, 
wasning,  and  draining  the  mature  hydrargillite  particles  (50  micrometers  and 
larger). 
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modules 


Air  exhaust 
manifold 
Air  cathode 

-Electrolyte  exhaust 
-Air  exhaust  ^“An<K*e  collector* 


Figure  2.  Wedge-shaped  cells  are  formed  by  positioning  two  air-electrode 
cassettes  at  an  angle  of  3-6°.  Individual  cassettes  can  be  removed  and 
replaced  following  disfunction  or  failure. 


Fipjre  3.  Electrolyte  is  circulated  between  cell  stack  and  crystallizer. 
Particles  are  retained  in  the  crystallizer  by  means  of  a hydrocvclone 
separator,  which  may  also  be  used  to  selectively  remove  mature  particles  for 
storage.  Numbers  indicate  approximate  volumetric  flow  rates  (ml/s). 
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3.0  Technical  Approach 

Early  in  the  program  we  adopted  a development  strategy  which  split  the 
problems  of  battery  process  and  configuration  development  from  those  associa- 
ted with  development  of  cost-effective  and  efficient  electrodes.^  This 
decision  reflected  the  essential  independence  of  the  technical  problems  facing 
each  of  these  areas*  Early  phases  of  the  program  addressed  problems 
associated  with  refuelable  battery  hardware  and  processes.  Model  electrodes 
were  used  for  testing  refuelable  cell  designs,  developing  precipitation 
models,  and  integrating  cell  and  crystallizer  processes.  The  model  anode  and 
cathode  were  taken,  respectively,  from  a torpedo  propulsion  battery  and  an 
advanced  chlor-alkali  process  using  an  air-depolarized  cathode.  (Currently, 
unalloyed  aluminum  is  used  as  a model  anode.)  These  are  not  necessarily 

advanced  as  commercially  feasible  fuels.  Progress  in  the  development  of  the 

2 

battery  is  shown  in  Figure  4.  Recently  we  have  integrated  a 600-cm 
prototype  cell  (wedge  configuration)  with  crystallizer  and  hydrocyclone 
separator,  and  operated  these  over  conditions  anticipated  in  the  vehicle. 

Tnis  allows  accurate  determination  of  the  weights  of  a full  scale  vehicle 
battery.  Currently,  support  auxiliaries  are  being  developed.  A fullscale 
venicle  prototype  battery  design  will  be  developed  by  1986. 

This  year  we  have  chosen  a prime  industrial  contractor:  Eltech  Systems, 
Inc.— formerly  Diamond  Shamrock  Company — in  association  with  the  Aluminum 
Company  of  Canada  (Alcan,  Ltd.).  Eltech  will  pursue  development  of  the 
battery  for  commercial  applications  and  place  increasing  emphasis  on  the 
development  of  commercially  attractive  alloys.  The  industrial  partner 
contributes  to  the  support  of  the  program  in  return  for  foreground  patent 
rights.  In  addition,  Alcan  carries  on  a larger  internal  program  devoted  solely 
to  the  proprietary  development  of  alloys  meeting  the  cost-constraints  of 
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Development  stage  Activities  and  milestones 
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Figure  4.  The  aluminum-air  battery  technology  evolved  from  single  primary 
cells  through  rapidlv-refuelable  cell  stacks  and  integrated  cell/crystallizer/ 
hydrocyclone  systems.  Current  efforts  include  development  of  auxiliaries  for 
withdrawal  and  post-treatment  of  mature  hvdrargil 1 ite . 


vehicle  applications*  LLNL  manages  the  program  for  DOE , Energy  Storage 
Division*  In  support  of  the  program  we  conduct  process  research  focused  on 
the  integration  of  multicells,  fluidized  bed  crystallizers,  and  hydrocyclone 
separators* 

4.0  Technical  Status  and  Problems 

4. 1 Cell  and  Cell  Stack  Research.  The  battery  technology  was  developed  in 
stages  from  small  single  cells  to  large  refuelable  multicell  stacks  without 
suffering  a degradation  of  power  or  voltage,  as  shown  in  Figure  5*  The 
voltage  and  power  density  curves  were  obtained  with  identical  pairs  of 
electrodes  and  operating  conditions*  The  increase  in  power  density  attained 
with  the  M2  6-cell  stack  resulted  from  improvements  in  air  attribution  and 

g 

cathode  current  collection  techniques.  Figure  6 shows  performance  of  a low 
gallium  alloy  and  Diamond  Shamrock  Standard  air  electrode  in  cells  with 
interelectrode  separations  of  1.5  mm. 

A cutaway  drawing  of  the  M3-wedge  cell  tested  over  tne  last  year  is  shown 
in  Figure  2.  High  conductivity  copper  tracks  (with  equilateral-triangle  cross 
sections)  support  the  wedge  and  provide  a permanent  solution-side  anode 
current  collector.  The  cassettes  of  the  test  cell  (Figure  7)  weigh  1.1 
g/cm  and  the  cell  typically  delivers  a peak  power  of  5 kW/m  . Figure  8 
shows  vertical  displacement  is  continuous  and  constant,  while  the  junction 
losses  amount  to  7 mV — about  0.2Z  of  cell  voltage. 

Ue  have  optimized  the  current  collection  in  these  cells  by  determining  the 
current  distribution  as  a function  of  collector  design*  Figures  9 and  10 
describe  respectively  the  modeled  cell  resistance  network  and  the 
corresponding  current  distribution. 


1-25 


Figure  5(a).  Surface  power  density  based  on  medial  cell  area.  RX808  and 
Diamond  Shamrock  standard  air-electrode;  4M  NaOH  + 1M  A1 (OH) 3 ♦ 0.06M 
Na2Sn(OH)§;  60°C.  5(b)  Cell  and  electrode  polarization  (uncorrected  for 

IR  drop)  for  systems  of  5(a). 
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Figure  6.  Polarization  chracteristica  of  25-cm^  aluminum-air  cell,  using 
Reynolds  alloy  RX808-F  and  Diamond-Shamrock  Standard  Air  Electrode. 
Electrolyte  as  in  Figure  5.  Operating  conditions:  60  °C;  AM  NaOH  + 1M 
Al(0H>3  + 0.06M  Na2Sn(OH)g;  flowing  electrolyte,  Re  * 1000. 

Interelectrode  gap:  (a)  1.5  mm,  (b)  3.2  mm. 
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Time  (t)  (Arbitrary  zero) 


Figure  8.  Displacement  of  the  anode  into  the  cell  under  gravity  feed  is 
continuous  and  constant  at  a rate  of  1.24  micrometers/s.  The  theoretical  rate 
of  fall  (1.4  micrometers/s)  is  calculated  on  the  basis  of  idealized  cell 
geometry  and  Faraday's  law.  Acode/SSCC  voltage  losses  of  7 mV  are  small 
compared  to  the  cell  voltage  (1.5  V)  under  these  operating  conditions. 

I 


TnMinfOgt 


Figure  9.  Network  analysis  of  the  wedge-shaped  cell,  M3,  leads  to  the 
dimens ionless  current  distribution  equation  discussed  in  the  teat. 


1-29 


Figure  10.  Relative  current  denaitv  increaaea  with  the  relative  diatance  from 
the  leading  edge  of  the  anode.  Parameter  r ia  a dimenaionieaa  ratio  of  cell 
reai8tivitiea  and  geometric  ratioa  given  in  Table  1* 
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Table  1 gives  the  magnitude*  of  the  reaiatance  element*  in  the  M3 
caaaette.  The  relative  current  dietribution  obtained  by  the  aolution  of  the 
network  problem  ia  given  by: 

j * coah(x  rl^2)/coah(r1^2),  (3) 

(R  W ♦ R )A2 

m r c a 

r (M  ♦ gR  ♦ RW) 

O C A 

where  r ia  a dimenaionleaa  ratio  of  reaiatance  element*  defined  in  Table  1,  j 

ia  the  current  denaity  relative  to  that  at  the  point  where  metal  enter*  the 

cell,  and  x is  the  dimenaionleaa  diatance  from  the  leading  edge  (apex)  of  the 

wedge.  A ia  anode  length  (parallel  to  riba),  g ■ interelectrode  gap;  and  W 
A 

ia  rib  aeparation.  For  the  M3  cell,  r ■ 0.13,  and  current  denaity  ia  uniform 
to  within  ♦/-  3X.  Thia  nonuniformity  impart8  a steady-state  curvature  to  the 
anode  which  differ*  from  a plane  by  leaa  than  5 micrometer*  over  the  entire 
aurface. 

Table  1.  Cell  Reaiatance  Elements  in  the  M3-Cassette  for  w ■ 28  mm,  g * 2 mm, 

and  A * 0.123  m. 
a 


Element  . 

Resistivity 

Units 

symbol 

Cathode  screen 

1.0  do"3) 

ohm 

k 

Electrode  polarization 

1.0 

ohm-cm2 

m 

o 

Interelectrode  gap 

1.770 

ohm-cra 

K 

e 

Anode/SSCC  rib  junction 

0.042 

ohm-cra 

K 

a 

SSCC  rib 

7.5  (10"5) 

ohm/cm 

R 

r 

Characteristic  resistance 

0.13 

— 

r 
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We  have  developed  en  advanced  Al/air  cell  baaed  on  thia  geometry  (figure 

11)  which  will  provide  the  progran  with  a reproducible  baaia,  or  "reference" 

for  aluainua-air  full-cell  teating.  The  cells  are  aachined  by  coaputer 

control,  which  allowa  low-coat  aodif icationa  of  diaenaiona  and  deaign 

according  to  the  intended  uae  of  the  cella  — eg.,  reaearch  cell,  aaaaive 

reaerve  battery,  low-weight  vehicle  module.  In  thia  cell,  electrolyte  and  air 

flowa  are  internally  manifolded.  The  aodule  atack  at  LLNL  ia  pluabed  for 

2 

aeriea  electrolyte  flow.  Saaller  cella  (25  ca  anodea)  are  alao  available 
for  prograa-vide  uaea. 

Wedge  cella  were  originally  developed  by  thia  program  becauae  of 
full-utilization  and  partial  recharge  capability,  and  ainple  refueling  by 
addition  to  platea  to  a dry  chamber  above  the  (undiaturbed)  cell.  The  feed 
alab  thickneaa  ia  independent  of  cell  capacity  and  can  be  manufactured  by 

9 

continuous  casting  operations  at  an  optimum  thickness.  There  are  no  moving 

mechanical  parts  in  thia  design,  other  than  the  gravity-fed  anode. 

4.2  Integration  of  Prototype  Cell,  ttydrocyclone  and  Crystallizer 

The  hydraulic  power  consumption  of  a hydrocyclone  can  be  minimized  with 

the  use  of  an  involute  entrance  chamber.  A hydrocyclone  of  thia  deaign 

(supplied  by  Krebs  Engineers,  Menlo  Park,  CA),  was  tested  with  a wedge  cell 

and  crystallizer.  We  confirmed  manufacturer's  specifications  by  means  of  the 

operation  of  this  cyclone  with  a single  cell.  As  thia  unit  was  large  enough 

2 

for  a crystallizer  sized  for  30-50  of  the  600-cm  cells,  97Z  of  the  overflow 
was  returned  to  the  crystallizer.  Measured  hydraulic  power  consumption 
(product  of  flow  rate  and  pressure  drop)  was  35  W.  Three  would  consume  about 
1Z  of  the  18  kW  gross  power  output  of  100  cells  (assuming  50Z  motor/puap  power 
efficiency). 
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Tne  rate  equation  derived  by  Alcoa  deacrioea  the  kinetiea  of  hydragillite 
particle 

-^CaiAU  - Koexpt-fi/KT>  A,  (CAl-CAl(«at))  /(CWa-CAl) 

where  CAJ(aat)  is  the  aolubility  of  A1(0H)3,  a function  of  temperature. 

Independent  particle  growth  ia  the  predominate  mode  of  precipitation  under 

anticipated  battery  operating  conditions:  40-80°C;  well-stirred  bed; 

2 

seed-are a/electrolyte-volume  ratio,  At  ■ lb-70  a /liter;  and  CAl  less 

than  2*8  M.  Under  these  conditions,  particle  nucleation  is  suppressed*  Some 

particle  breakage  (attrition)  or  agglomeration  is  expected*  Precipitation 

rate  in  the  bed  is  proportional  to  the  total  surface  area  of  the  crystals,  the 

square  of  supersaturation,  and  the  inverse  square  of  a tera  reflecting  caustic 

activity.^’ **  The  tera  in  the  denominator  explains  the  sharp  increase  in 

the  rate  above  * 2.3  M (Figure  12). 

figure  13  shows  time  dependence  of  electrolyte  composition  when  a 

crystal lizer/hydrocvc lone  system  was  used  to  control  aluminate  concentration* 

The  crystallizer  was  initially  charged  with  0*18  kg  of  seed  (specific  area, 

2 

120  m /kg),  and  A1(0H)^  solids  were  retained  in  the  crystallizer  for  the 

duration  of  the  6 hour  run.  The  peaking  of  aluminate  concentration  in  cell 

and  crystallizer  after  3 h reflects  equal  rates  of  dissolution  and 

2 

precipitation*  The  current  density,  2.3  kA/m  , is  the  highest 
long-duration  dissolution  rate  anticipated  for  vehicle  operation.  In  this 
experiment  we  used  unalloyed  aluminum;  coulombic  efficiency  exceeded  97%  for 
the  duration  of  the  experiment. 

Evaluating  Alcoa's  rate  equation  at  points  during  the  experiment,  we 
determined  the  rate  of  precipitation  (Figure  14).  This  rate  was  then 
integrated  to  predict  the  accumulation  of  solid  A1(0H)^.  As  snown,  this 
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Figure  12.  Rate  of  hydrargil lite  precipitation  increases  with  temperature  and 
oversaturation,  and  depends  on  the  nature  and  concentration  of  impurities. 

Kate  relations  were  independant ly  determined  by  LLNL11  and  Alcoa10. 


Figure  13.  Time  dependences  of  the  electrolyte  volume  and  composition,  and  of 
dissolution  current  (la)  during  joint  operation  of  wedge  cell  and 
crystal  I izer/hydrocyclone . Concentration  of  aluminatc  is  given  for  the 
crystallizer  as  well  as  the  cell  circuit. 


Dissolution  tkM,  minutes 


Figure  14.  Rate  of  precipitation,  integrated  rate  of  precipitation,  and  mass 
of  seed  (determined  from  mass-balance  calculations)  are  plotted  against 
dissolution  time  for  the  joint  operation  of  wedge  cell  and  crystallizer. 


Figure  15.  Increases  in  air-electrode  cycle  life  reflect  advances  in 
catalysis  as  well  as  electrode  carbons,  wet-proofing,  and  sintering  processes. 
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agrees  well  with  the  separate  experimental  mass  balance  based  on  Faraday's 
law,  changes  in  aluminate  concentration,  and  anode  weight  loss.  The  salient 
conclusions  arc  (1)  Alcoa  rate  equation  applies  to  the  simultaneous  operation 
of  prototype  cell  and  hydrocyclone/crystallizer  and  (2)  this  verification  was 
done  within  the  range  of  critical  vehicular  operating  conditions  shown  in 
Table  2.  This  is  the  first  time  that  the  basic  processes  of  dissolution  and 
crystallization  have  been  integrated  using  either  full-scale  prototype 
components  (cell  and  nydrocyclone). 

Table  2.  Anticipated  operating  conditions  of  a vehicle  battery  and  actual 
operating  conditions  of  tne  M3-wedge/hydrocyclone/crystallizer . T s 6Q°C. 

Experimental  System  Seed  Mass  Seed  area/volume  Seed  mass/amperage 


kg 

m2/l 

g/A 

1-Cell  System  (60°C)  0.18-0.83 

8-55 

1.3-6 

100-cell  system3  (60°C)  25 

20-30 

2 

100-cell  vehicle  system  18 

20-30 

1.5 

(optimum  7G°C  operation) 

aC  , - 2.7  M 
A1 

Current  efforts  will  integrate  a five-celled  prototype  module  with  an 
appropriately  scaled  hydrocyclone  separator.  The  larger  jeale  is  convenient 
for  investigation  of  long  term  benavior  of  anode  shape,  particle  size 
distribution,  mass  oalance  of  minor  components  (stannate,  or  gallium  in  case 
of  KX808) , and  behavior  of  crystallizer  during  standby  when  all  electrolyte  is 
drained  into  the  crystallizer.  This  same  system  will  be  integrated  with 
auxiliaries  for  withdrawal  and  post  treatment  of  mature  seed  by  the  prime 
subcontractor  in  the  first  year  of  the  program. 
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4.3  Progress  in  Electrode  Research  and  Development 


There  has  beeu  considerable  progress  in  the  development  of  durable  and 

cost-effective  air  electrodes.  Air  electrodes  are  tested  on  a standard 

driving  cycle  consisting  of  constant  current  plateaus  of  1”,  6,  and  2 kA/n/ 

and  lasting  a total  of  14  min/cycle;  this  is  followed  by  a period  on  standby 

in  cold,  supersaturated  electrolyte  lasting  between  1 and  24  h,  and  typically 

3 h.  This  sequence  is  representative  of  a typical  automobile  trip  of  11  km 

length.  By  correlating  life  under  such  drive  cycles  with  changes  in  the 

duration  of  a specific  phase  of  the  cycle,  El tech  determined  that  cycle  life 

12 

depends  strongly  on  the  number  of  cold  startups.  The  original  program 
goal  of  1500  cold  startups,  or  two  year  road  life,  has  now  been  met  (Figure 
15).  The  current  generation  of  air  electrodes  are  projected  to  survive  beyond 
2000  cycles.  The  goal  has  been  reset  to  3000  drive  cycles,  which  corresponds 
to  a four-year  road  life.  Table  3 provides  air-electrode  polarization  data 
for  current  air  electrodes  (catalyzed  with  CoTMPP),  program  goal,  and  earlier 
U.NL  specifications  in  FY  1979  RFP. 

Table  3.  Current  performance,  technical  goal,  and  L.LNL  Specifications  for  air 


electrode  polarization 

(initial  performance)  T * 60°C;  4M  NaOH 

* 1M  Al(OH) 

Current  density 
kA/tn^ 

Best  Obtained 
CoTMPP 
V vs.  RHE 

technical  goal 
V vs.  RHE 

LLNL  specs 
V vs.  RHE 

1 

807 

841 

836 

2 

766 

830 

796 

3 

741 

823 

756 

4 

706 

816 

716 

5 

667  ' 

810 

676 

6 

583 

805 

636 
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These  drive  cycles  lives  were  Attained  with  the  use  of  a non-noble  metal 

2 

catalyst  (CoTMPP)  as  necessary  to  meet  programmatic  goals  of  $100/m 
cathode. 

Progress  in  anode  development  has  been  slow  because  of  the  greater 

emphasis  on  the  development  of  refuelable  cells  and  crystallization 

processes.  Economic  feasibility  will  ultimately  depend  on  energy  vield/cost 

ratio  of  the  alloy.  Common  scrap  aluminum  containing  iron  generally  shows  low 

coulombic  efficiency  associated  with  tne  low  overpotential  for  hydrogen 

evolution  on  iron  inclusions*  Under  subcontract,  Reynolds  Aluminum  took  the 

approach  of  segregating  iron  as  Mn-FeCAl)^  intermetallic  clusters  with 

greatly  reduced  activity  from  the  standpoint  of  hydrogen  evolution.  The 

effect  of  the  introduction  of  0.04X  Mn  to  commercial  purity  aluminum 

containing  0.U4-0.06Z  Fe  is  shown  in  Figure  16.  Coulombic  efficiency  is 

greatly  increased,  approaching  that  of  an  analogous  alloy,  RX808,  based  on 

4-9* s purity  metal.  This  Al-Ga-Mn-Fe  class  of  alloys  was  never  optimized  by 

the  Reynolds  subcontract.  This  and  other  approaches  will  be  again  be  pursued 

in  1984  by  Eltech  and  Ohio  State  University  under  subcontract.  Although 

compositions  are  proprietary,  Alcan  has  produced  a number  of  alloys  using  the 

Ca  0.05*  commercial  purity  base  with  net  performance  at  least  as  good  as 
14 

this.  In  all,  the  program  has  yet  to  pursue  the  scope  of  research 
necessary  to  develope  cost-effective  anodes;  the  major  effort  here  will  be 
lead  by  the  prime  industrial  subcontractor  because  of  the  potential  value  of 
basic  patents  in  this  area. 

4.4  Battery  Weight  Determinations 

The  battery  weight  determination  given  in  Table  4 reflects  the  actual 
weights  of  dry  laboratory  cells,  the  weights  of  reactants  and  hydrargill ite 
seed,  and  the  weights  of  electrolyte  required  for  battery  operation.  We  have 


1-39 


Figure  16.  Improvement  of  coulombic  efficiency  of  RX808  analogues  based  on 
comnercial  purity  aluminum  is  achieved  by  additions  of  Mn.  The  additions  form 
intermetal lie  clusters  which  segregate  and  reduce  the  activity  of  Fe  from  the 
standpoint  of  hydrogen  evolution.  Operating  conditions:  60°oC;  4M  NaOtt  + 1 M 
A1(0H)3  + 0.06M  Na2Sn(OH)g.  (a)  RX808  (A1  -0.04Ga  -0.8Mg).  (b)  Al 

-O.OAGa  -0.0 -0.8Mg.  (c)  Al  -0.04Ga  -O.OAFe  -0.8Hg.  U)  Al  -0.040a 

— 0.06Fe  -0.8Mg. 
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assumed  a hydrocvclone  o£  cast  PVC  construction,  and  surface  power  density 
(W  m ) and  aluminum  energy  yields  which  span  those  of  current  model 
electrodes.  The  optimum  weight  of  the  battery  and  efficiency  is  achieved  if 
crystallizer  and  cell  operating  temperatures  are  allowed  to  increase  with 
aluminate  concentration  such  that  power  density  and  coulombic  efficiency 
roughly  constant.  The  battery  weight  resulting  from  this  optimization 
indicates  specific  energy  of  320  Wh/kg  and  specific  power  of  about  140  W/kg. 
Improvements  in  suface  power  density  anticipated  with  further  alloy 
developement  would  increase  specific  power  proportionately.  These  figures 
reflect  the  characteristics  of  reserve  batteries  as  well  as  large  traction 
systems,  were  they  to  be  built  consistent  with  today's  understanding.  Hie 
aluminum-air  battery  is  a fuel  cell;  hence  specific  power  and  energy  have  no 
unique  meaning.  These  parameters  can  be  changed  by  changing  the  ratio  of  mass 
of  the  limiting  reactant  (either  water  of  aluminum)  to  the  total  area  of  the 
cells. 
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Table  4.  flattery  Weight  Determination:  70  kWh,  31  kW  (peak)  Scale 


Component Basie  for  Determination  Weight  (kg) 


2 2 

Cells  M3  wedge  cassettes:  1.1  g/cm  ; 5-7  kW/m  69-49 

Cyclones  Krebs  PC-1;  PVC  construction  2 

Electrolyte  Contained  in  cells,  crystallizer .cyclones 

£ 

and  manifolding  35 

£ 

Seed  Alcoa  rate  equation;  Cgn  * 0.06  M 18 

Aluminum  Fuel  requirement,  4-5  kWh/kg  17.5-14 

Wedge  3°  angle  geometry  26 

Water  Reaction  and  evaporation  loses  32 


Storage  Water,  electrolyte,  hydrargillite  storage  tanks  3 

ttisc.  Cell  case,  impellers,  air-pretreatment,  drive 

motor,  startup  battery  etc.  (estimate)  30 

Total : 209-233 

A 4 

Temperature  * 70  at  maximum  C^  » 2.7  M;  seed  area/mass  ratio  ■ 66.1 

2 2 
m /kg;  seed  area/electrolyte  volume  ratio  * 30  m /liter. 

5.0  Major  Problem  Areas  and  Technical  Approach 

Vehicle  operating  cost  depends  predominately  on  the  energy  yield  and 

production  cost  of  the  fuel  alloys.  An  increase  in  energy/cost  ratio  of  30% 

over  that  of  the  Reynolds  Al-Mn-Ga  is  required  before  our  goal  of  8.5-10^/mile 

is  to  be  realized.  The  approaches  to  be  taken  include  (1)  reduction  of 

dissolution  overpotential  through  alloying  with  such  materials  as  Ga  at 

0.02-0.04%  levels;  (2)  selective  poisoning  of  the  hydrogen  evolution  reaction 

by  use  of  alloyed  or  dissolved  corrosion  inhibitors  (e.g.  Sn,  P)  or 

intermetal lie  formation  to  segregate  Fe  or  other  undesirable  impurities; 
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(3)  use  of  a porous  surface  barrier  formed  by  tha  reaction  of  an  alloyed 
component  (eg,  Mr)  to  form  a high-concentration  layer  with  higher  coulombic 
efficiency;  (4)  use  of  trace  metals  to  expand  or  contract  the  metal  aublattice 
of  the  surface  film  which  effects  the  balance  of  electronic  and  ionic 
conduction,  and  hence  relative  rates  of  water  reduction  and  aluminum 
dissolution.  Fundamental  anode  research  will  be  emphasized  as  battery 
development  approaches  full-scale  verification*  Mo  definitive  projection  of 
fuel  cost  can  be  made  until  this  area  is  understood. 

A potentially  important  area  is  the  chemical  balance  of  the  battery,  i.e*, 
problems  in  battery  efficiency  and  operating  stability  that  could  conceivably 
arise  from  the  inadvertent  buildup  of  trace  impurities  in  the  electrolyte  and 
on  the  electodes,  or  from  the  depletion  of  corrosion  inhibitors*  The  control 
of  impurities  will  be  investigated  by  Alcan,  Ltd. 

It  is  important  to  determine  or  predict  purity  constraints  of  current  and 
projected  aluminum  production  techniques.  In  addition  to  alloys  based  on  the 
limiting  commercial  purity  of  conventional  Hall  smelter  operation  (0.04-0. 06% 
Fe),  higher  purity  bases  may  be  obtained  through  partial  recrystallization 
from  the  combined  outputs  of  large  arrays  of  undedicated  cells*  Advanced 
processes  such  as  the  Alcoa  Smelting  Process,  subhalide  processes,  sulfide  or 
uitride  electrolysis,  or  dimensionally-stable  anode  processes  do  not  have  the 
purity  limits  of  the  conventional  Hall  Process.  The  Mitsui  Carbothemic 
Reduction  Process  involves  the  sublimation  of  Al  from  an  Al/Pb  intermediate 
product;  the  purity  of  the  aluminum  exceeds  that  of  the  conmon  Hall  Smelters 
yet  the  process  consumes  no  net  electricity.^  Thus  research  in  alloy 
development  must  take  into  consideration  parallel  advances  likely  to  occur 
within  the  appropriate  time  frame  for  vehicle  fleet  introduction  and  growth. 


Another  barrier  is  cathode  reliability  (aa  distinct  from  drive  cycle 
life).  Insufficient  experiments  have  been  conducted  to  allow  a statistical 
understanding  of  the  failure  rate.  This  problem  is  less  severe  than  with  fuel 
cells  because  of  the  ability  to  sense  incipient  failure  from  electrode 
potential  decay  and  to  replace  individual  cathode  cassettes. 

None  of  these  problems,  if  given  appropriate  attention,  is  expected  to 
deter  the  different  but  straightforward  development  and  testing  of  a vehicular 
prototype  battery— a major  and  necessary  step  toward  the  realization  of  this 
concept.  Required  development  separating  the  current  level  of  technology  from 
that  of  the  prototype  vehicle  battery  is  difficult  but  reasonably 
straight-forward.  The  prospects  for  developing  cost-effective  alloys  are 
still  unknown,  but  the  range  of  variables  known  to  effect  electrode  efficiency 
is  cause  for  optimism. 

6.0  Cost  and  Energy  Consumption 

The  alloys  (RX808  and  analogues)  used  as  a model  anode  for  cell  testing 
and  process  development  are  not  economically  suitable  for  a consumer  vehicle, 

as  they  are  based  on  metal  purities  (99.99+X  Al)  greater  than  those  achievable 

. o 

with  conventional  Hall  smelter  practice.  McMinn  and  Bransdscomb  of  Reynolds 

determined  the  cost  of  the  Al-0.04tin-0.04Fe-0.04Ga  alloy  mentioned  above,  as 

part  of  an  effort  to  bracket  the  production  cost  of  fuel  pistes.  The 

composition  of  a cost-effective  alloy  will  no  doubt  differ;  the  unit  costs  of 

fabrication  and  alloying  will  probably  not  differ  appreciably  from  those  shown 

in  Table  3.  To  estimate  fuel  cost,  the  cost  of  alloying  agents  is  added  to 

the  U.S.  Industry  published  price  (which  includes  delivery' charges  to  any 

point  in  Continental  U.S.).  This  in  turn  is  increased  by  the  costs  of 

continuous  casting  and  shearing  operations;  and  retail  markups  to  equalise 

profitability  of  aluminum  and  ICE  refueling.  Credit  for  recycled  AKOH^  is 

derived  from  producers'  price  less  15%  profit,  collection  and  handling, 


freight  and  calcining  costs.  The  fuel  coat  requirea  aaaumptiona  concerning 
energy  yield.  Tine-averaged  energy  yielda  of  4. 3-5.9  kWh/kg-Al  correapond  to 
roughly  36-42  tonne-km/kg  vehicular  eff icienciea,  which  in  turn  indicate  fuel 
coata  of  8-10  4/mile.  (See  Ref.  4 for  detaila  of  theae  relations.) 

Table  S.  Estimates  of  the  Coat  of  Fuel  Plates  with  Reference  to 
Al-0 .04  Ga-0 .04Fe-0 .04Mn . 1 ,A 


Cost  Factor 

Basis  for  Estimate 

Cost  (S/kg) 

Base  price 

U.S.  Industry  published  price  (ingot  delivered 
to  point  in  continental  U.S.  (1981  $)* 

1.670 

Fabrication 

Continuous  casting  and  shearing  to  rectangular 

slabs 

0.154 

Al loving  agents 

Ga  and  Mn 

0.053 

Premium  purity 

5A  base  containing  0.04%  Fe 

0.077 

Retail  markup 

Profit  equivalent  to  that  cf  gasoline  used  in 

comparable  vehicle 

0.070 

Recycle  credit 

Producer's  price  less  15%  profit,  collection. 

transport,  and  calcining  charges 

-0.30b 

Total : 

$1. 72/kg 

ii 

This  is  also  the  current  price  as  of  January,  1984. 


Electrical  energy  uses  for  current  and  advanced  process  for  aluminum  pro- 
duction are  shown  in  Table  6.  Since  our  earliest  studies  of  energy  coat  of 
aluminum  production,  several  process  advancements  or  new  processes  have 
emerged  and  been  demonstrated  in  pilot  plant  operation.  A new  plant  built  in 
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the  1990' s tine  Crane  will  likely  reflect  theae  or  comparable  advancea. 

The  significance  of  energy  uae  calculationa  ia  rather  questionable. 

Ideally,  we  sake  auch  calculationa  in  an  effort  to  eatimate  the  inpact  of  the 
introduction  of  a fleet  of  vehiclea  on  national  energy  consumption*  The 
introduction  of  one  million  aluminum-air  vehiclea  in  the  1990* a may  cauae  an 
increaae  in  the  nation1 a conaumption  of  energy  or  a decrease;  or  no  meaaurable 
change  at  all*  The  change  of  energy  uae  dependa  on  how  the  production  market 
reaponda  to  email  perturbation  on  demand— i«e«,  whether  the  demand  ia  met  by 
new  (efficient)  plant  construction  increaae  of  production  at  exiating  (lesa 
efficient)  plants.  Electrical  energy  uae  would  go  down  if  aluminum  (as  fuel) 
merely  displaces  other  uses  of  aluminum  where  cheaper  alternatives  are 
available  (for  example,  containers  and  packaging).  The  net  change  in  primary 
energy  use  will  reflect  the  net  changes  in  electrical  energy  uae  and  petroleum 
(or  8ynfuel)  savings*  The  fact  of  the  matter  is  simply:  there  ia  no  way  to 
predict  the  short-term  effect  on  energy  uae  caused  by  a small  fleet  of 
aluminum-air  vehicles* 

In  the  very  long  run  (year  2000  and  beyond)  new  production  plants  will 
have  to  be  built  to  accommodate  a growing  fleet  of  aluminum-air  vehiclea.  and 
the  energy  use  of  new  processes  will  enter  the  determination.  We  are  in  no 
position  today  to  speculate  which  process  (or  processes)  or  how  much 
electricity  (if  any)  is  used  by  the  new  plants  constructed  in  so  remote  a time 
frame.  The  evolution  of  the  aluminum  industry  is  a currently  ongoing  process 
and  is  driven  by  the  same  basic  energy  considerations  that  mandate  the 
development  of  alternative  fuels  for  transportation*  Thus  the  process  of 
Table  6,  which  represents  current  industrial  (Pechiney)  or  pilot  processes  are 
conservative  estimates  for  the  year  2000  and  beyond. 
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Table  6.  Electrical  Energy  Use  of  Current  end  Advanced  Proceaaea  for  Aluminum 
Production.  (For  cooper! ton,  unalloyed  aluminum  yield*  a maximum  of  4.5  kWh/kg 
in  teat  cell*). 

Proceaa  Ro?i*  DC  Electrical  Energy  U*e 

Pechiney,  St.  bucienne  Advanced  Hall  proceaa*^  11.3  kWh/kg 

Alcoa  Smelting  Proceaa  Electrolyaia  of  AlCl^  8.3  kWh/kg 
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METHOD  OF  ANALYSIS 


This  appendix  describes  the  method  of  analysis  used  to 
assess  Battery  Developer  Estimates  for  the  projected  selling 
price  of  advanced  batteries.  The  method  yields  a revised 
subjective  estimate  which  is  identified  as  an  Investigator 
Estimate.  The  method  has  been  developed  in  a series  of  bat- 
tery cost  analysis  projects  performed  by  the  author  beginning 
in  1978  (Ref.  Resource  List). 

From  this  experience,  the  following  gene-al  observations  can 
be  made.  The  margin  of  uncertainty  or  potential  error  in 
any  early  new  product  cost  estimates  is  strongly  related  to 
the  level  of  knowledge,  and  the  related  experience  the  devel- 
oper has  for  both  product  design  and  manufacture  at  the  time 
the  estimate  is  generated.  The  higher  the  level  of 
knowledge  and  related  experience  the  lower  is  the  likely 
margin  of  uncertainty  or  potential  error  in  the  estimate. 

. In  my  judgement,  early  product  cost  estimates  are  more 
likely  to  underestimate  rather  than  to  overestimate  the 
realized  product  cost. 

The  analysis  procedures  provide  a framework  for  systematically 
examining  the  available  information.  The  major  thrust  of  the 
analysis  is  to  identify  qualitative  and  quantitative  factors 
which  permit  an  assessment  of  the  developer’s  level  of  knowl- 
edge and  related  experience  at  the  time  the  estimate  was 
generated . 

On  the  basis  of  this  assessment  subjective  quantitative 
adjustments  are  made  to  the  three  key  parameters — material 
and  component  costs,  direct  labor  hours,  and  installed 
equipment  costs — to  obtain  the  Investigator  Estimate. 

The  major  segments  of  the  method  of  analysis  are  outlined 
in  Table  J-l.  A brief  elaboration  is  given  for  each  segment 
with  illustrations  of  some  for  the  factors  examined  in  each 


segment . 


BATTERY  TECHNOLOGY 


The  primary  interest  is  to  identify  materials  or  components 
not  fully  developed  or ' commercially  available  which  if 
current  goals  are  not  achieved  could  significantly  impact  on 
the  cost  estimate.  Examples  of  the  these  factors  are 
porous  graphite  cost  projections  for  the  zinc-chloride  bat- 
tery and  electrolyte  tube  material  purity  and  cost  projec- 
tions for  the  sodium-sulfur  battery. 

MANUFACTURING  TECHNOLOGY 

The  primary  interest  is  to  examine  the  process  flow  sheet 
definition  and  the  extent  of  process  development  and  equip- 
ment development  needs.  Examples  of  these  factors  are  the 
need  to  demonstrate  that  large  scale  graphite  production 
costs  will  meet  projected  costs  used  in  the  estimates  for 
zinc-chloride  battery.  Another  example  is  the  ability  to 
achieve  projected  yields  of  electrolyte  tubes  for  the 
sodium-sulfur  battery. 


KEY  PARAMETERS 

The  primary  interest  is  to  establish  on  a quantitative  basis 
the  reasonableness  of  the  values  generated  by  the  developer 
for  material  and  component  costs,  direct  labor  hours,  and 
installed  equipment  costs. 

Material  and  Component  Costs 

The  factors  of  interest  in  this  category  are  the  development 
status  of  dominant  cost  items,  consistency  in  estimates  made 
at  different  times,  recent  progress  in  performance  and 
design  improvements,  the  level  at  which  these  improvements 
have  been  demonstrated  i.e.  single  cell  versus  full  scale 
hardware  at  current  level  of  demonstration,  and  finally  the 
basis  for  and  documentation  of  process  yields  and  unit  costs 
assumed. 


Direct  Labor  Hours  and  Equipment  Costs 

The  direct  labor  hours  and  equipment  costs  must  be  examined 
together  since  Cor  a given  product  design  and  manufacturing 
process  they  are  interrelated.  The  exact  relationship 
depends  on  the  type  of  processes  and  equipment  employed;  and 
the  trade-of£s  made  between  decreasing  labor  content  and  the 
increased  costs  of  automation  or  scaling  of  equipment  as  a 
function  of  production  rate. 

The  principal  considerations  in  the  analysis  for  this 
segment  are: 

. The  development  status  and  definition  of  the  manufac- 
turing process  and  equipment  needs. 

. The  basis  and  documentation  of  the  direct  labor  and 
equipment  estimates. 

. The  consistency  of  the  estimates  referenced  to  a 

lead-acid  battery  manufacturing  parameter  correlation. 

The  choice  of  the  lead-acid  battery  as  reference  for 
measuring  the  consistency  of  the  developer  estimates  is 
based  on  several  factors.  Lead-acid  battery  manufacture  is 
based  on  a mature  technology,  and  reflects  the  benefits  of 
optimized  and  automated  process  and  plants.  The  data  base 
for  the  lead-acid  battery  system  is  more  accurate  than  the 
data  base  generated  for  batteries  still  under  development. 

The  consistency  of  the  developer  estimates  for  direct  labor 
hours  and  manufacturing  equipment  costs  is  based  on  examining 
how  these  values  correlate  with  corresponding  lead-acid 
values.  The  correlating  parameter  utilized  is  the  ratio  of 
the  total  number  of  manufacturing  operations  required  for 
the  battery  under  consideration  to  the  total  number  of  manu- 
facturing operations  for  the  lead-acid  battery. 

Interpretation  of  this  correlation  requires  a comparison  of 
three  other  parameters  for  the  battery  under  consideration 
and  the  lead-acid  battery.  These  parameters  are  the  scaling 
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factors  for  the  operations,  the  number  of  components  pro- 
cessed per  unit  of  product,  and  the  capacity  of  the  manufac- 
turing plant.  From  this  analysis  it  is  possible  to  obtain  a 
subjective  quantitative  estimate  of  the  consistency  of  the 
developer's  estimates.  A more  detailed  description  and 
derivation  of  this  analysis  is  given  in  the  Appendix  K. 

DEVELOPER  DISCUSSIONS 

Issues  and  questions  raised  in  the  above  segments  are 
discussed  with  the  developer  for  clarification.  It  is  my 
experience  that  these  discussions  do  not  yield  uniform 
clarification.  The  major  barrier  is  the  developer's  posi- 
tion or  perception  that  the  issues  impinge  upon  information 
that  is  considered  company  proprietary.  It  should  be  noted 
that  the  extent  to  which  this  method  of  analysis  can  be 
implemented  depends  significantly  on  the  amount  of  inform- 
ation the  developer  wishes  to  share.  The  greater  the 
cooperation  between  the  developer  and  investigator,  the  less 
important  is  the  subjective  element  in  the  Investigator 
Estimate . 

DEVELOPER  CAPABILITY  ASSESSMENT 

From  tne  analysis  results  of  the  first  four  segments 
described  above,  an  assessment  is  made  of  the  developer's 
overall  capability  at  the  time  the  developer  generated  the 
estimates  under  evaluation.  This  assessment  considers  three 
factors: 

. Level  of  knowledge  with  respect  to  product  design 
and  product  manufacture. 

. Extent  of  related  experience  with  respect  to  product 
design  and  product  experience. 

. Depth,  detail  and  the  extent  of  documentation  pres- 
sented  in  the  design  and  cost  estimate  study  support- 
ing the  estimates  made  by  the  developer. 
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An  additional  subjective  estimate  is  made  as  to  whether  the 
overall  approach  of  the  estimate  is  conservative  or  opti- 
mistic. 

This  assessment  is  one  factor  utilized  in  making  the  deter- 
mination of  the  Investigator  Estimate. 

INVESTIGATOR  ESTIMATE 

On  the  basis  of  the  results  of  the  Key  Parameter  Analysis, 
Developer  Discussions,  and  Developer  Overall  Capability 
Assessment  subjective  adjustments  are  made  to  the  Key 
Parameters  to  determine  the  Investigator  Estimate. 
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Table  J-l.  Outline  for  Determining  investigator  Estimate 


(1)  Statu®  of  Battery  Technology , especially  in  relation 
to  battery  design,  materials  and  components  and  per- 
formance specification  assumed  in  the  design  for  the 
cost  estimate. 

(2)  Status  of  Manufacturing  Technology,  especially  with 
regard  to  the  definition  or  demonstration  of  process 
flowsheet,  process  and  equipment  development  needs 
for  manufacturing  the  battery  design  assumed  for  cost 
estimate. 

(3)  Analysis  of  developer's  estimates  for  the  three  key 
parameters — materials  and  component  costs,  direct 
labor  hours,  and  installed  equipment  costs  for  the 
production  rate  specified. 

(4)  Discussion  with  developer  to  clarify  issues  raised  in 
the  above  analyses. 

(5)  Evaluation  of  developer's  "overall  capability"  at  the 
time  of  generating  his  developer  selling  price 
estimate. 

(6)  Determine  Investigator's  Estimate  by  making  subjec- 
tive adjustments  to  item  (3)  parameters  in  conjunc- 
tion with  evaluations  made  in  items  (3),  (4)  and  (5). 
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This  appendix  describes  the  method  utilized  to  assess  the 
magnitude  of  the  direct  labor  and  installed  equipment  cost 
estimates  prepared  by  the  developers.  This  assessment  is 
then  utilized  to  make  subjective  adjustments  to  these  two 
parameters  to  generate  the  Investigator  Estimate.  (Reference 
Method  of  Analysis  Text.) 

The  assessment  is  based  on  the  use  of  corresponding  inform- 
ation (direct  labor  and  equipment  cost  estimates)  for  the 
lead-acid  battery  as  a reference  point.  The  following 
discussion  includes  three  topics: 

• Relation  of  direct  labor  and  equipment  costs  to 
parameters 

• Correlation  c Z direct  labor  and  equipment  costs 

. Correlation  results 


DIRECT  LABOR  AND 
EQUIPMENT  COST  PARAMETERS 

A manufacturing  process  for  the  production  of  a battery  can 
be  represented  by  a number  of  process  operations  by  which 
materials  and  components  are  fabricated  and  assembled  into 
the  battery.  A given  material  or  component  may  require  a 
number  of  different  operations  prior  to  being  assembled  into 
the  battery.  Thus*  for  a specific  battery  design  with  a 
known  number  of  components/  a total  manufacturing  process 
can  be  specified  with  process  operations  of  the  appropriate 
type  and  capacity  to  produce  the  battery  at  a specified  rate. 

These  concepts  are  illustrated  for  a single  manufacturing 
operation  and  a single  component  in  Figure  X-l  • Note  that 
the  illustration  is  for  Direct  Labor/  but  the  arguments  and 
relationships  to  the  parameters  also  apply  to  Equipment  Costs. 
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For  this  process  operation,  there  is  associated  a direct 
labor  content  per  component  expressed  as  DLg  in  hours  per 
component.  DLC  can  be  expressed  as  a function  of  three 
parameters t tho  capacity  of  the  process  operation  (com** 
ponents  per  unit  time);  and  a scaling  factor  and  a complexity 
factor  which  characterize  the  type  of  operation.  This  rela- 
tion is  expressed  symbolically  in  the  first  equation.  The 
term  FC(SF*CF)  signifies  a function  Pc  of  the  two  parameters 
scaling  factor  (SF)  and  complexity  factor  (CP). 

scaling  factor  (SF)  is  expressed  as  an  exponent.  For 
example,  in  the  case  of  a punch  press  having  a specified 
capacity,  if  there  is  a need  to  double  the  production  rate, 
then  two  punch  presses  would  be  required.  The  corresponding 
amount  of  labor  and  or  equipment  requirement  is  doubled. 

For  this  type  of  operation  the  scaling  factor  exponent  has  a 
value  of  1.0. 

Another  type  of  operation  is  illustrated  by  a chemical  reac- 
tor in  which  the  volume  of  the  reactor  is  the  critical 
parameter.  Tho  capacity  of  the  reactor  can  be  doubled  by 
doubling  the  volume  of  the  reactor.  The  scaling  factor 
exponent  for  this  type  of  operation,  based  on  experience,  is 
generally  less  than  1.0 — varying  from  0.6  to  .8.  In  this 
case,  labor  and/or  equipment  costs  would  range  from  1.52  - 
1.74  instead  of  doubling  as  in  the  first  case. 

The  complexity  factor  (CF)  reflects  the  fact  that  a more 
complex  process  operation  will  have  associated  with  it  a 
higher  intrinsic  labor  requirement  and/or  equip  ^nt  cost. 
Examples  of  this  situation  are  a machining  operation  on  a 
lathe  operating  to  a variable  slope  pattern  and  high 
tolerances  versus  the  stamping  out  of  metal  pieces  in  a 
punch  press.  The  former  will  have  higher  intrinsic  labor 
content  and  higher  equipment  cost  than  the  latter. 


The  second  equation  in  Figure  K-l  expresses  the  labor  require- 
ment on  a per  unit  product  basis.  This  is  obtained  by 
multiplying  the  DL^  value  of  the  first  equation  by  the  number 
of  components  required  per  unit  product.  The  last  equation 
represents  symbolically  the  total  labor  required  to  produce 
a product  by  summing  up  all  component  and  associated  opera- 
tions in  the  manufacturing  process  *o  produce  the  product. 

The  estimates  from  the  developer  in  most  cases  were  not  pre- 
sented with  the  detailed  information  for  the  parameters  just 
described.  The  most  common  set  of  information  included  a 
process  flowsheet  indicating  the  number  and  types  of  opera- 
tion. From  this  information  a subjective  judgement  could  be 
made  as  to  the  scaling  factor  being  1.0  or  less  than  1.0. 

The  production  capacity  of  the  battery  manufacturing  facil- 
ity was  also  specified.  From  the  battery  design  specifica- 
tion the  total  number  of  components  per  product  unit  could 
usually  be  determined. 

Thus,  the  common  set  of  available  information  permits  an 
assessment  based  on: 

. The  number  of  total  manufacturing  operations 

. The  fraction  of  total  operations  having  scaling 
factors  of  1.0  or  conversely  less  than  1.0 

• The  total  number  of  components  per  product  unit 

• The  capacity  of  the  manufacturing  facility 

The  method  whereby  this  information  is  correlated  to  the 
corresponding  lead-acid  battery  data  is  presented  in  the 
next  sub-section. 


DIRECT  LABOR  AND 
EQUIPMENT  COST 
CORRELATION 


The  following  discussion  is  facilitated  by  defining  a number 
of  terms  which  will  be  used  in  abbreviated  form  as  follows: 

DL  direct  labor  estimate  in  hours  per  KWH  of  battery 
rated  capacity 

EQ  equipment  cost  estimate  (installed  basis)  in  $/KWH 
of  annual  manufacturing  capacity 

EXP  the  exponent  of  a straight  line  on  a log-log  plot, 
which  is  the  value  for  the  slope  of  the  line* 

Manufacturing 

Operation 

Ratio  The  ratio  of  the  number  of  manufacturing  pro- 
cess operations  for  the  production  of  a given 
battery  to  the  number  of  manufacturing  process 
operations  for  the  production  of  the  reference 
lead-acid  battery.  These  are  obtained  from  an 
analysis  of  a manufacturing  process  flow  sheet. 


The  primary  comparison  is  made  by  examining  the  relationship 
of  DL  and  EQ  for  a given  battery  versus  the  Manufacturing 
Operations  Ratio.  The  values  of  DL  and  EQ  for  the  lead-acid 
battery  are  used  as  reference  point  origins  for  drawing  tie 
lines  between  the  origin  and  the  given  battery  data  points. 
One  plot  is  made  for  DL  comparisons  and  one  for  EQ 
comparisons* 

The  data  are  plotted  as  log-log  type  plots.  This  type  of 
plot  is  illustrated  in  Figure  K-2  for  the  Ni-Fe  and  Na-S 
batteries  with  selected  non-proprietary  data  generated  in 
earlier  studies. 

The  dotted  line  extension  from  the  origin  point  with  an 
exponent  of  1.0  represents  an  Imaginary  lead-acid  plant 
with  additional  number  of  operations.  The  mix  <n  types  of 
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the  additional  operations  in  terms  of  scaling  factor  expo- 
nents, and  DL  to  EQ  ratio  are  the  same  as  the  original 
reference  lead-acid  battery  plant.  The  plant  capacity  for 
the  Imaginary  plant  adds  no  additional  capacity.  The  capa- 
city of  the  original  lead-acid  plant  combined  with  the 
Imaginary  plant  equals  the  original  lead-acid  battery 
capacity. 

The  question  addressed  in  the  comparsion  - are  the  posi- 
tions, or  slopes,  or  exponents  for  the  DL  and  EQ  lines,  in 
each  plot,  consistent  with  reference  to  the  Imaginary  lead- 
acid  plant  line  of  slope  1.0? 

Three  parameters  in  Table  K-l  impact  on  the  value  of  the 
exponents  of  the  tie  lines  to  differing  degrees  and  in  dif- 
ferent directions.  The  parameters  are: 

. Plant  capacity  or  production  rate 

. Number  of  components  per  KWH  of  battery  rating  (in 
this  illustration  limited  to  components  through  the 
cell  level  or  equivalent  thereof). 

. Percentage  of  manufacturing  operations  judged  to 

have  a scaling  factor  exponent  of  approximately  1.0 
with  respect  to  production  rate. 

The  procedure  used  is  to  make  a comparison  of  the  parameter 
values  for  the  given  battery  versus  the  lead-acid  battery 
values  for  the  same  parameter  - Table  K-l . From  this  com- 
parison a judgement  is  made  as  to  the  expected  impact  of  the 
parameter  on  the  position  of  DL  or  EQ  tie  lino  with  respect 
to  the  Imaginary  lead  acid  plant  tie  line  with  an  exponent 
of  1.0. 

The  complexity  factor  (CF)  also  impacts  on  the  value  of  the 
exponents  of  the  tie  line.  This  information  was  not  quan- 
tifiable in  this  analysis.  A qualitative  subjective  assess- 
ment of  this  factor  was  utilized  as  a guide  in  making  the 
judgement  of  the  expected  impact  of  the  three  parameters 
listed  above. 
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The  process  is  illustrated  for  one  parameter  - Plant  Capacity 
for  Ni-Fe.  Nickel-Iron  plant  capacity  is  much  less  than  the 
capacity  of  reference  plant  (21  MWH  versus  2500  MWH  per  year). 
At  lower  production  rates  DL  and  EQ  increase  markedly # 
therefore  the  expectation  is  that  for  this  parameter#  Ni-Fe 
DL  and  EQ  tie  lines  will  be  much  greater  than  1.0. 

This  process  is  repeated  for  each  parameter  for  each  bat- 
tery. The  results  are  summarized  in  Table  K-2 . All  entries 
are  expectations  against  the  reference  exponent  value  of  1.0. 

In  summary  the  expectation  is  that  the  exponents  :or  Ni-Fe 
DL  and  EQ  lines  are  much  greater  than  1.0  and  for  Na-S  the 
exponents  are  about  equal  to  1.0.  A comparison  with  Figure 
K-2  indicates  that  the  results  for  Ni-Fe  and  Na-S  meet  the 
expectations. 

For  cases  in  which  the  developer  DL  or  EQ  values  do  not  meet 
the  expected  values  as  obtained  by  comparisons  drawn  in 
Table  K-2  a qualitative  assessment  is  made  to  determine  if 
there  are  significant  differences  between  the  complexity 
factor  for  the  developer's  process  operations  and  the  refer- 
ence lead-acid  process  operations.  A subjective  adjustment 
is  made  to  the  developer's  DL  and  EQ  values  taking  into  con- 
sideration the  above  assessment. 
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PARAMETERS 


DIRECT  LABOR  (DL^) 
- HOURS /COMPONENT 


A M'F'G 
PROCESS 

OPERATION 


CAPACITY  (CAP)  -COMPONQnS/TlME 
SCALING  FACTOR  -SF 
COMPLEXITY  FACTOR  - CF 
NUMBER  OF  COMPONENTS  -NO.  COMP. 


Basis  per  component 

Basis  per  product 

Basis  per  Total  M'f'g  Process 


DL 


F (SF*CF) 
c 

CAP 

NO. COMP.  X DLC 


DL  * SUM  OF  TOTAL  NO.  OF  OPERATIONS 


Figure  K-l 


Direct  Labor  Correlation  Parameters 


Table  K-l.  selected  Parameters  for  Direct  Labor  and  Equipnent  Ccnparisons' 


Pb/Acid 

Ni/FE 

Na/S 

* 

Ref. 

EPI 

FORD 

Componen ts-No . KWH 

218 

230 

70 

M'f'g  Operations-No. 

29 

34 

139 

M'f'g  Operations  Ratiob 

1 

1.2 

4.7 

Percentage  of  Operations 
with  Scaling  Factor 
Exponent  e 1.0 

66 

38 

74 

M’f'g  Production 
Capacity — MWH/y 

2500 

21 

3000 

Direct  Labor — hr/KWH 

.25 

.99 

.9 

Equipment  Inv. — $/KWH 
of  annual  m'f'g  capacity 

6.0 

58 

31 

r 

i 

> 

i 

1 Values  for  Cell  Level. 

| See  text  for  definition. 

I 


i 

i 

t 
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Table  K-2.  Expected  Inpact  of  Parameters  on  Direct  Labor  and 
Equipment  Cost  Tie  Lines  in  Figure  K-2 


Parameter 

Expectation  Referenced 
Line  Value  of 

to  Exponent 
1.0 

Ni/Fe 

Na/S 

Eagle 

FORD 

Picher 

Production  Rate 

Much 

Equal 

Greater 

No.  Components  Per  KWH 

Equal 

Less 

% of  M’f'g  Operations 

Some- 

Some- 

with Scaling  Factor 

what 

what 

Exponent  of  1.0 

Less 

Greater 

Summary  Expectation 

Much 

About 

Greater 

Equal 
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I.  INTRODUCTION 


Efforts  by  transportation  system  designers  and  manufacturers 
to  produce  more  efficient  and  higher  performance  vehicles  have 
led  to  weight  reduction  through  downsizing  and  material  substi- 
tution* The  most  efficient  approach  to  weight  reduction  is  ac- 
complished by  a combination  of  vehicle  redesign  In  conjunction 
with  material  substitution.  This  allows  for  the  most  efficient 
use  of  the  selected  materials* 

The  purpose  of  this  study  Is  to  analyze  the  Impact  on  the  dif- 
ferent aspects  of  manufacturing  and  to  determine  a weight  and 
cost  comparison  of  an  aluminum  body  to  that  of  a steel  body* 

For  this  study  It  was  assumed  that  the  vehicle  was  redesigned 
to  obtain  the  optimal  use  of  aluminum  while  Incorporating  the 
necessary  changes  to  effect  proper  aluminum  processing  In  fab- 
rication and  assembly.  It  was  also  assumed  that  the  production 
methods  utilized  would  produce  300*000  units  per  year. 

Supportive  materials  published  over  the  past  six  years  were 
reviewed  along  with  discussions  with  automotive  manufacturers 
and  manufacturing  development  personnel  to  determine  the 
present  status  and  development  of  aluminum  In  automobiles 
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along  with  any  advantages  or  disadvantages  encountered*  The 
writer  also  relied  on  hie  experience  with  substitution  of 
aluminum  in  the  fabrication  and  aaaeably  procesaea  at  the  CN 
lordatown  facility*  lairing  this  tlae  the  Vega  1$  style  sub- 
stituted aluminum  for  steel  on  the  load  floor  cover  and  a 
production  tryout  of  alualnua  deck  lids  was  conducted  on  the 
11  style* 

The  published  aaterlals  were  well  documented  In  the  aaterlal 
costs  and  forming  of  component  panels*  In  aoat  studies  when 
no  weight  savings  was  accomplished  the  component  item  was 
then  left  as  steel*  This  would  not  be  practical  In  a unitized 
body  due  to  galvanic  reaction,  therefore,  components  would 
require  to  be  made  of  alualnua  even  though  a weight  reduction 
were  not  realised  and  a resultant  coat  penalty  would  be 
encountered* 

The  technology  exists  to  design  and  manufacture  vehicles  with 
an  all  alualnua  construction*  Relating  alualnua  alloys  have 
the  capability  to  be  formed  and  welded  with  existing  mass 
production  techniques*  Xn  reviewing  the  aaterlals  It  was  noted 
that  cost  penalties  were  found  In  all  facets  of  manufacturing 
that  would  Increase  the  purchase  price  of  the  vehicle*  Ihe 


« f 

trad#  off  of  economy  and  perf araanee  to  tha  lncraaaad  purehaaa 
price  oust  be  analyaad  to  determine  If  tha  aeterlal  subetltu- 
tlon  la  economically  desirable. 

i 

Thla  raport  la  dlvldad  Into  four  oactlona  aa  f ollowsi 
XI  Summery 

XXX  Notarial  Weight  and  Coat  Coaparlaon 

t 

t 

XV  Impact  on  Fabrication  Operations 
V Xapact  on  Assembly  Oparatlona 

i 

i 

An  araa  not  covarad  would  be  tha  Inpact  on  aftar  aarkat  and  j 

repair  procedures.  Increased  skills  and  Improved  equipment 

will  be  required  In  welding  and  repair  of  tha  alualnus  prl- 

aary  and  secondary  structural  components.  This  would  result 

in  higher  repair  costs  and  poaslbly  Insurance  prealua  Increases. 


t 
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Ccnstuctlon  of  an  all  aluminum  body  can  be  accomplished  with 
existing  aaas  production  methods  and  obtain  a weight  savings 
of  approximately  bl%  in  ths  body  structura.  This,  when  related 
to  the  total  automobile,  Including  the  propogated  weight 
savings  would  be  approximately  21%  of  a base  820Xg  vehicle. 

The  cost  Impacts  were  found  In  all  areas  of  manufacturing.  This 
Included  higher  base  material  cost  lereased  tooling,  facilities, 
and  manpower.  All  areas  considered,  It  Is  estimated  that  the 
body  would  cost  2b0£  more  than  the  steel  body. 


111.  MATERIAL  WEIGHT  AND  COST  COMPARISON 


As  s basis  for  this  comparison  the  vehicle  used  in  SAE  papers 
810228^  and  810229^  was  used.  This  was  a 1981  front 
wheel  drive i four  passenger  compact  vehicle.  The  components 
evaluated  for  alternate  material  were  the  body-in-  white  pri- 
mary structural  and  secondary  structural  components.  These 
components  made  up  the  major  portion  of  the  body  structure 
with  a total  mass  of  315  Kg.  This  breakdown  is  shown  plc- 
torally  in  figure  1. 

The  major  consideration  in  determining  material  substitution 
is  to  insure  that  the  resultant  component  has  adequate  stiff- 
ness and  strength.  The  material  thickness  must  also  be 
sufficient  to  withstand  the  manufacturing  processes  such  as 
farming,  surface  finishing  and  handling.  Exposed  components 
must  have  sufficient  resistance  to  denting. 

The  costs*  for  steel  and  aluminum  used  were  the  same  as  the  GM 
reports.  Aluminum  costing  $1.7 P/Kg  and  steel  at  $0. 40/Kg. 

Only  one  cost  for  aluminum  at  a median  price  was  used  rather 
than  the  different  prices  for  exposed  and  unexposed  finish 
materials.  Also  no  price  difference  was  established  for  blank 
slse  and  offal.  Such  an  analysis  would  be  time  consuming  and 
require  full  design  and  processing  information.  A penalty  of 
1 5%  was  assumed  in  the  price  impact  to  compensate  for  the 
larger  blank  requirement  and  increased  material  cost. 
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The  primary  structural  members  function  as  the  a&ln  load 
carrying  structures.  These  consist  of  upper  and  lower  front 
frames,  all  pillars,  rockers,  roof  rails,  headers,  floor 
tunnel,  etc.  The  secondary  structural  members  do  not  con- 
tribute significantly  to  the  structural  stiffness  require- 
ments. The  design  criteria  of  the  secondary  structural 
members  are  generally  governed  by  localised  requirements. 

These  consist  of  the  roof  panel,  doors,  floor  pan,  hood, 
deck  lid,  etc. 

The  total  mass  of  the  vehicle  as  developed  In  the  GM  reports 
are  shown  In  Table  1.  The  primary  structure  was  developed  in 
aluminum  and  optimised  utilizing  the  computerized  program 
ODYSSEY , developed  by  GM.  This  program,  through  material 
substitution  and  optimisation  of  component  design,  established 
an  all  aluminum  primary  structure  mass  of  ?lKg  or  a savings  of 
3*+Kg.  The  secondary  structural  components  were  developed  as 
shown  In  Table  2.  A secondary  structural  mass  of  122. 5Kg  was 
established  or  a savings  of  52.25Kg. 

Approximately  54Kg  of  the  body  weight  is  In  brackets,  braces, 
reinforcements  and  attaching  parts  that  would  not  benefit  from 
the  primary  reduction  of  material  substitution.  However,  some 
weight  reduction  would  be  obtained  by  the  propagated  weight 
savings.  This  Is  the  weight  savings  that  can  be  obtained  In 
the  chassis,  engine,  brakes,  etc.  as  a result  of  the  base  weight 
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reduction.  Each  manufacturer  and  the  different  research  firms 
have  developed  different  methods  of  calculating  the  propagated 
weight  savings.  For  this  report  a factor  of  111  was  used* 

This  means  that  for  every  lKg  of  weight  saved  by  material 
substitution  a secondary  savings  of  lKg  would  be  obtained. 

As  this  is  a unitized  body  It  was  assumed  that  half  of  this 
amount  was  to  be  realized  In  the  auto  body  and  the  other  half 
in  the  drive  and  suspension.  This  relates  to  an  additional 
43Kg  savings  in  the  body  or  a total  of  86Kg  for  the  total 
vehicle. 

As  shown  in  Table  1 this  would  be  an  increased  material  cost 
of  $237.15  or  a 289%  increase.  This  related  to  the  finished 
component  and  assembly  purchase  price  would  be  a 30%  increase 
of  the  final  product. 
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MATERIAL  WEKHT/COST  COMPARISON  FOR  MAJOR  SECONDARY  STRUCTURAL  C 

CRS  vs  ALUMINUM 
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IV  IMPACT  OF  FABRICATION  OPERATIONS 


The  substitution  from  CRS  to  aluminum  would  Impact  the  fabrication 
plant's  tooling,  facilities  and  manpower  costs  as  follows* 

1*  Increased  Manpower 

a*  The  use  of  aluminum  creates  problems  In  removal  of  protective 
materials  In  the  form  of  edge  protectors  and  separators  from  the 
sheets  and  colls  prior  to  any  cutting  or  forming  operations. 

b.  Increased  line  maintenance  on  material  handling  equipment. 
Increased  line  cleaning  and  die  maintenance  to  eliminate  surface 
damage. 

c.  Offal  separation  from  steel.  This  may  be  accomplished  auto 
matlcally,  however,  the  system  would  require  maintenance. 

d.  The  Increased  possibility  of  process  damage  would  Increase 
the  Inspection  required  throughout  the  fabrication  processes. 
Estimated  cost  impact  2 $f> 

2.  Increased  Tooling  Cost 

Aluminum  can  be  formed  using  the  same  equipment  as  steel, 
however,  experience  has  shown  greater  care  Is  required  In  making 
the  dies  and  In  some  cases  additional  dies  are  required  to  obtain 
the  required  quality.  Increased  die  maintenance,  numbers  of  dies 
and  associated  equipment  would  affect  the  facility  usage,  set  up 
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tine*  and  secondary  equipment  usages. 

Estimated  cost  impact  3 5$ 

3*  Increased  Material  Handling  Equipment 
The  ease  with  which  aluminum  surfaces  can  be  damaged  in  the 
processing  of  the  component  requires  special  care  and  Increased 
expenditures  in  the  handling  equipment.  This  can  range  from  air 
stackers,  increased  and  padded  rollers,  increased  and  larger 
vacuum  lifters,  redesigned  die  clearing  tools,  etc.  The  entire 
processing  of  some  components  may  require  revision  to  eliminate 
surface  damage.  Exposed  surfaces  that  normally  are  processed 
with  the  exposed  surfaces  against  conveyors  would  have  to  be 
processed  with  the  exposed  euxface  free  of  contact. 

Estimated  cost  Impact  20$ 

U,  Hew  Material  Shipping  Systems 

Aluminum  components  shipped  from  fabrication  to  assembly  plants 
will  require  newly  designed  shipping  racks  and  containers. 

Where  steel  deck  lids  or  hoods  nay  be  shipped  on  edge,  aluminum 
components  would  be  severely  damaged.  This  item  would  vary 
greatly  dependent  on  the  banks  required,  shipping  distance,  the 
number  of  plants  Involved  and  line  speed  differences  between 
fabrication  and  assembly. 

Estimated  cost  impact  30$ 
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5.  Increased  Scrap  and  Repair 

With  all  the  precautions  that  are  taken  it  would  be  expected 
that  a higher  incidence  of  scrap  and  repair  would  be  generated 
in  the  fabrication  processes.  The  creation  of  special  containers 
or  shipping  racks  would  require  increased  Maintenance  and  if 
special  separators  are  used  automated  systems  or  manpower  to 
Install  the  items  would  be  required. 

Estimated  cost  impact  10% 
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V.  IMPACT  ON  ASSEMBLY  OPERATIONS 


Little  Information  Mas  available  on  the  impact  of  aluminum  on 
assembly  plan  operations  and  costs.  The  majority  of  Informa- 
tion related  to  tip  wear  and  recommended  procedures  In  welding. 
These  are  of  major  Importance,  but  don't  address  the  many  areas 
and  costs  that  would  be  affected.  All  of  the  problems  seen  In 
the  fabrication  plant  would  be  present  In  the  assembly  operations, 
plus  a major  impact  In  the  body  shop  welding  equipment,  facilities, 
maintenance  and  repair  areas. 

1.  Resistance  Welding 

Aluminum  requires  a higher  current  for  welding  than  required  for 
steel*  Approximately  three  times  when  welding  the  same  material 
thickness.  The  material  Is  seldom  substituted  on  a one  to  one 
material  thickness  basis,  therefore,  the  welding  current  Increase 
would  be  In  excess  of  three  times. 

In  welding  aluminum  a preliminary  forging  force  Is  recommended  to 
prepare  for  the  weld.  This  force  application  is  higher  than  the 
welding  force  and  requires  added  controls  and  larger  weld  gun 
cylinders.  The  requirement  for  alternate  gun  application  to  the 
weld  surface  to  prevent  shunting  also  Increases  the  control 
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systems  and  weld  cycle  tine. 

Structural  adhesive  bending  nay  alleviate  sone  areas  of  dlffl* 
culty,  however,  the  technology  Is  not  adequate  at  this  tine  to  be 
considered  reliable  for  structural  components  and  high  production 
rates.  Zt  Is  being  used  on  secondary  structural  components  such 
ss  doors,  deck  lids  and  hoods. 

The  Increased  power,  pressure  and  control  requirements  would 
affect  the  following  * 

a.  Facility  power  requirements  and  Installations 

b.  Facility  welder  water  Installations 
c Welder  control  systems 

d.  Increased -transformer  sizes 

e.  Weld  gun  cable  size  Increase  and  Increased  use  of  water  cooled 
Jumpers. 

f . Weld  gun  arm  size  Increases 

g.  Increased  tip  wear 

h.  Increased  cylinder  sizes  Including  use  of  sav-alr  or 
hydraulic  systems. 

1.  Increased  support  equipment.  The  Increased  sizes  of  weld 
guns,  cables,  transformers,  and  gun  arms  would  Increase  the 
number  of  welders  to  hold  the  multiple  gun  stations.  Also 
the  larger  robotic  systems  would  be  required  to  manipulate 
the  Increased  weight. 
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Estimated  cost  Impact  kOfL 


2.  Material  Handling* 

The  sane  problems  faced  in  fabrication  would  be  present  in  the 
assembly  plant*  Subassembly  and  assembly  operation  would  require 
gaging,  clamping,  conveyors,  and  handling  devices  that  would  not 
damage  exposed  surfaces  or  mutilate  weld  flanges.  Once  designed 
and  built  greater  maintenance  costs  will  be  incurred* 

Estimated  cost  Impact  2 3& 

3*  Bepair  and  Surface  Finish 

An  area  not  covered  in  abailable  materials  is  the  effect  of  any 
repairs  or  joint  finishing  that  will  require  a filler  material* 
With  steel  bodies  solder  is  used  that  requires  minimal  line  space 
for  application  and  set  up.  For  aluminum,  epoxy  fillers  are 
required  that  require  a large  line  space  plus  heaters  to  cure 
for  finish*  At  60  units/hour  and  20  foot  line  spacing  a 600 
foot  line  area  would  be  consumed  for  curing  when  a half  hour  is 
required*  Also,  like  solder,  the  epoxies  require  special  booths 
for  grinding  with  operator  hoods  and  make-up  air  to  prevent 
respiratory  diseases. 

Standard  tools  are  required  for  the  surface  finishing  of  aluminum, 
however,  with  its  susceptability  to  damsge  Increased  finish  oper- 
ations would  be  expected.  Secondary  problems  occur  with  paint 
cycles  as  the  filler  and  body  expand  at  different  rates  end  the 
repair  or  finished  joint  develops  a crack  around  the  perimeter, 

WO 


The  Joint  problems  eon  be  reduced  In  the  vehicle  design. 
Estimated  cost  Impact  20%. 

4.  Scrap  Increase. 

The  susceptablllty  of  aluminum  bo  be  damaged  In  sub  assembly 
and  line  operations  will  Increase  the  scrap  that  will  be 
generated*  Where  steel  panels  may  be  repaired  and  used  aluminum 
nay  have  to  be  scrapped  as  the  most  economical  method. 

Estimated  cost  Impact  5% 


L-21 


REFBUWCES 


1,  P.A.  Fenyee,  " Structure  Optimisation  with  Alternate  Mater- 
ial** Minimum  Haas  Design  of  the  Primary  Structure",  8AE  810228 

2*  D,C.  Chang,  X.  M.  Wu  and  J.R,  Valla,  "Potential  Maas  Reduction 
and  Material  Cost  Fenaltlea  of  Body  Phnela  with  Alternate 
Materials" , SA£  810229 

3*  Jet  Propulsion  Laboratory,  "Advance  Vehicle  Subsystem  Tech- 
nology Assessment",  Jan  1983 

4,  Hal-aheng  Mala,  "Weight  Reduction  Potential  of  Autonobllea  and 
Light  Trucks" , June  1981,  DGT-TSC-NHTSA-81  -1 7 

3,  I.  Taylor,  C.M.  Deans,  K.C.  laaaca  and  A.R.  Cunnlngiam,  "Auto- 
aotlve  Manufacturing  Aaaeaanent  Syaten,  Volume  ZIli  Materials 
Weight  Analysis"  Nov  1979, 

6,  J.M.  O'Brien  and  W.J.  Tltua,  "Arc  Cleaning  for  Joining  Alum- 
inum", SAE  8’0524,  March  1983 

?,  Autoaotlve  &ig, , "High  Strength  Alualnua  Alloys  Mlnlalae 
Body  Panel  Weight",  Vol  87  No  3 PP  66-71 

8«  Xenlchl  Goto,  "Energy  Savings  In  Autonobllea",  Energy  Manage- 
ment, Jan- Mar  1980,  pp  43-50 

9*  Aluminum  Industries,  "Use  of  Alualnua  In  Autoai,  Feb  1975 
pp  37-36 

10,  C.  Difiglio,  D,  Xulash,  "Marketing  and  Mobility",  March  1976 

11,  J.  Cummings- Saxton , "Autonobile  Materials  Competition! 

Energy  Implications  of  Fiber  Reinforced  Plastics",  Oct  1981 

12,  N.F.  Ludtke,  H.L.  Kaminski  and  W.R,  Osen,  "A  Study  of  the 
Costs  of  a Production  Deck  Lid  Optimised  for  Steel,  Aluminum, 
and  Sheet  Molded  Compound",  SAE  810785*  June  1981 

13,  P.  E.  Fart  in,  M.J.  Bull  and  D.  M.  Moore,  "An  Optimised  Alum- 
inum Alloy  (X6lll)  for  Auto  Body  Sheet  Applications", 

SAE830096.  Feb  1983 

14,  T.M.  McVetty,  H.G.  Wakeley  and  O.J.  Vlcrguty,  TWeight  and 
Detailed  Process  Cost  Study  of  1981  Chrysler  fUCar  (Reliant/ 
Arles)  Components"  Msy  1981 


PRECEDING  PAGE  BLANK  NOT  FILMED 


L-23 


net  l'1*'  mtmiamx 


15*  D®pt  of  Trans. , "Final  Impact  Assessment  of  the  Automotive 
Fuel  Economy  Standards",  June  1977 

16.  C.N,  Cochran.  P.E.  Anderson,  F.R.  Abele,  T.  Eckert,  L.  Campbell, 
C.A.  Alison  and  F.  Feston,  "Use  of  Aluminum  in  AutomobUes- 
fiffect  on  the  Energy  Delemma",  SAE  730421 

17.  N.  W.  Smith  and  J.E.  Grant,  "Reducing  the  Cost  of  Aluminum 
Body  PSanels.",  SAE  800931 

18.  C.  V,  White,  "Automotive  Materials-Fast  Present  and  Future" 

Mar  1979.  SAE  790482 

19.  R.M.  Rlvett  and  S.A.  Vestgate,  "Improvements  in  Resistance 
Welding  for  Automobile  Manufacture",  Feb  1931,  SAE  810339 

20.  R.M.  Rlvett  and  V.  Lucas,  "Joining  Aluminum  for  Mass  Production 
Industries",  March  1983.  SAE  830399 

21.  H.E.  Burst,  H.  Bauerle,  and  W.F.  Thull,  "The  All  Aluminum  Body- 
A Study  Based  on  the  Porshe  928"  March  1983*  SAE  630094 


APPENDIX  M 

AVSIZING  COMPUTER  PROGRAM 
ADVANCED  VEHICLE  ENERGY  PROGRAM  (AVEnergy) 
ADVANCED  VEHICLE  GOST  PROGRAM  (AVCost) 


M-l 


AVSIZING  COMPUTER  PROGRAM 

M.A.  Gyamfi 
S.A.  Herman 


preceding  page  blank  not  FKimn 


n»twua»»  *u“* 


M-3 


1.0  INTRODUCTION 


AVSIZING  is  a computer  program  written  for  the  IBM  Personal  Computer 
on  the  IBM  version  of  Microsoft  BASIC.  The  purpose  of  AVISZ1NG  is 
to  sise  a preliminary  vehicle  and  (at  the  user's  request)  write  to 
disk  input  files  to  the  ELVEC  computer  program  and  also  input  files 
with  partial  sets  of  inputs  to  the  programs  AVENERGY  and  AVCOST. 

( AVENE RGY  and  AVCOST  are  written  in  BASIC  for  the  IBM  Personal 
Computer) . 

In  running  AVSIZING  the  user  has  the  following  options: 

1.  Size  a new  vehicle  targeted  to  a desired  range.  This  logic 
allows  for  multiple  passes  and  when  a satisfactory  vehicle  is 
sized  the  user  may  generate  an  ELVEC  input  file  using  one  of 
the  3 cycles: 

a.  Federal 

b.  Highway 

c.  Van 

2.  Generate  a 24-hour  cycle  input  file  for  ELVEC  using  a 
previously-sized  vehicle.  (This  vehicle  may  have  been  sized 
using  option  1 or  option  3.) 

3.  Redesign  a vehicle  previously  sized  by  option  1 by  changing 
the  battery  mass  fraction  (BMP). 


2.0  PROGRAM  STRUCTURE 

For  any  run,  whether  it  is  a run  to  size  a new  vehicle  or  a redesign 
of  a previous  vehicle,  the  following  basic  set  of  variables  must  be 
defined. 

a.  Is  the  vehicle  electric  or  hybrid? 

b.  Battery  type  chosen  from  the  following  list: 

1.  AL-AIR 

2.  FE-AIR 

3.  LI-FE-S 
*4.  LI-FE-S2 

5.  NA-S 

6.  NI-FE 

7.  NI-ZN 

S.  PB-AC/ADV 

9.  PB-AC/B1PL 

10.  ZN-BR 

11.  ZN-CL2 

* LI-FE-S2  is  not  currently  operational 
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c.  Power  to  energy  ratio  from  the  following  list: 

1.  P/E  - 1.0 

2.  P/E  - 2.1 

3.  P/E  - 2.4 

4.  P/E  - 3.3 

From  the  values  of  b and  c,  a valid  battery  name  for  the  ELVEC 
program  is  constructed.  e..g.,  FE-AIR2.4. 

Some  of  the  batteries  have  a single  name  independent  of  the  power  to 
energy  ratio.  These  names  are: 

1.  AL-AIR 

2.  NI-ZN2.0 

3.  PB-AC/BIPL 

Some  of  the  batteries  names  are  the  same  for  the  power  to  energy 
ratios  of  2.1  and  2.4  and  are  given  the  2.1  designation.  These 
names  are: 

1.  LI-FE-S2.1  (also  2.4) 

2.  Nl-FE  2.1  (also  2.4) 

3.  PB-AC/AD2 . 1( also  2.4) 

The  fusion  of  names  occurs  because  in  ELVEC  these  batteries  have  the 
same  specific  power  X cutoff  001)  tables.  This  implies  that  the  user 
must  provide  CH-coef f icients  and  other  battery  data  whenever  the 
battery  with  the  omitted  power  to  energy  ratio  is  used.  AVS1Z1NG 
supplies  its  own  battery  data  (including  CH-coefficients)  for  each 
power  to  energy  ratio. 


2.1  THE  RANGE  EQUATIONS 

For  each  battery  and  power  to  energy  ratio  there  is  a set  of 
coefficients  A,B  which  define  the  BMF  as  a function  of  ELVEC  range. 
(A  and  B are  part  of  the  battery  data  set).  The  equations  are  given 
by: 


BMF  » (A*R  + B)/100 
where  R is  the  ELVEC  range. 

These  equations  are  used  only  when  running  a new  vehicle  targeted  to' 
a desired  range.  Because  of  recent  changes  made  to  ELVEC  after  A 
and  B were  determined,  they  probably  should  be  rederived. 


2.2  NUMBER  OF  CYCLES  FOR  5-PASSENGER  VEHICLES 

When  running  a 24-hour  cycle,  the  number  of  cycles  used  is  dependent 
upon  the  desired  ranges  for  the  5-passenger  vehicle. 
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The  choices  are: 

1.  100  mi.  (uses  10  cycles) 

2.  150  mi.  (uses  11  cycles) 

3.  250  mi*  (uses  12  cycles) 


2.3  MOTOR  TYPE 

Only  the  AC  option  is  currently  operational  although  some  coding  for 
a DC  option  is  in  place. 


2.4  BATTERY  DATA  SETS 

AVSIZ1NG  Supplies  the  following  information  for  each  battery: 

a.  battery  name 

b.  the  variables  

1.  EFFCK 

2.  SLFD 

3.  ACC 

c.  The  coefficients  of  the  range  equations  i.e.,  A,B 

d.  constants  in  the  volume  equations  Ql,  Q2  and  the  battery 

power  equation  PBC. 

e.  The  CH~coefficients. 


2.4  VEHICLE  PARAMETERS 

The  values  for  grade  power  (GRADE)  cycle  power  (CYCLE)  and 
acceleration  power  (ACCN)  are  given  in  the  following  table. 


CAPACITY 

GRADE 

CYCLE 

ACCN* 

2 

17.5 

25.9 

21.5 

4 or  5 

28.0 

26.0 

6 

20.3 

20.3 

20.3 

* unit  is  w/kg  for  GRADE.  CYCLE  and  ACCN 


The  following  parameters  are  used  in  the  equation  for  test  weight 
(see  next  section). 

WMOT1  - 0.9*  GRADE/M0TSW 

WC0N1  - Xl/CONSW 

WTF1  * Xl/TRFSU 

WHE1  * GRADE/HESW  (for  hybrid) 

WTCVT1  • GRADE/TRCVTSW  (for  hybrid) 

WIRl  * WTF1  (for  electric) 

WTF1  * WTCVT1  (for  hybrid) 


M-7 


where  for  capacity  2 or  6 we  have 
XI  * cycle 

a ad  XI  * GRADE  otherwise. 

The  various  constants  in  the  above  equations  are  given  below: 

MOTSW  **  490 
CONSW  *2500 
TRFSW  *1418 

TRCVTSW  *1096 
HESW  * 450 

2.5  THE  WEIGHT  EQUATIONS 

The  unit  of  weight  is  kilograms,  volume  is  liter  and  power  is 
kilowatt  unless  otherwise  noted. 

The  basic  equation  is: 

WT  * WSH  ♦ PANDPL  +1.3  (SUM) 

where 

WSH  is  the  shell  weight 

PANDPL  is  passenger  and  payload  weight 

and  SUM  is  given  by 

SUM  * WB  + WMOT  1*WT+WC0N1*WT+WTR1*WT+WHE1*WT 
where 

WT  is  the  test  weight 
WB  is  the  battery  weight 

The  remaining  terms  were  defined  in  the  previous  sub-section. 

Using  the  definition  WB  * BMF*WT  and 
solving  for  WT  we  obtain: 

WI  * WTERM1/ (1-1.3(WTERM2) ) 


where 

WTERM1  - WSH  + PANDPL 


and 


WTERM2  * BMF+WMOT 1+WCON 1+WI  Rl+WHE 1 
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The  curb  weight  (WC)  ie  the  given  by 


WC  ■ W ♦ PAN DP L 


The  motor  weight  (WMOT)  is  given  by 


WMOT  - (0.9*  GRADE/MOTSW)*  WT 


The  weights  of  the  controller  (V)CON)  fixed  transmission  (WTF), 
EVtrsnsmission  power  and  controller  power  (CKW)  are  summarized  by 
the  equations: 


CKW  - XI/ 1000 
WCON  - Xl/CONSW 
STF  - Xl/TRFSW 
ETKW  - Xl/1000 


Where  for  capacity  2 or  6 we  have 
XI  « CYCLE*WT 

and  XI  * GRADE *WT  otherwise 


Further,  if  the  vehicle  is  a hybrid  we  have: 

WTCVT  - (GRADE/TRCVTSW)*  WT 

EPOW  - ( GRADE*WT ) / 1000 

ENGHP  » EPOW/ *746  (horsepower  units) 

ENGKW  - EPOW  (kilowatt  units) 

WHE  - ( GRADE/HE SW)*WT 

PEFPWR  - 0 • 9*GRADE*WT/ 1000 

where 

WTCVT  is  the  weight  of  the  CVT 
EPOW  is  the  ICE  transmission  power 
ENGHP  the-  engine  power  in  horsepower 
ENGKW  is  the  engine  power  in  kw. 

WHE  is  the  weight  of  the  heat  engine 
PEFPWR  is  the  motor  power 

The  volumes  are  computed  by  the  following  equations: 

VMOT  - PEFPWR/ 1.54 
VCT  - CKW/ 2. 15 
VTTIF  ■ ETKW/ 2. 8 

For  hybrids  only 

ENGVOL  - EPOW/. 5 
GTRANVOL  - ETKW/ 2. 8 
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where 


VMQT  is  the  motor  volume 

VCT  is  the  controller  volume 

VTT1F  is  the  EV  transmission  volume 

ENGVOL  is  the  engine  volume 

GTRANVOL  is  the  ICE  transmission  volume 

The  volume  of  the  batteries  (BVOL)  is  given  by: 

BVOL  - (Q1*WB)/Q2 

Where  Ql  and  Q2  are  part  of  the  battery  data  sets 
The  battery  power  (PB)  is  given  by: 

PB  - (PBC*WB)/1000 

Where  PBC  is  part  of  the  battery  data  sets* 

All  of  the  above  weight-dependent  variables  are  computed  in 
subroutine  WEIGHT. 


2.6  ITERATION  PROCEDURE  FOR  ACTUAL  RANGE. 

From  the  desired  range  (DRAN)  which  is  input  by  the  user,  an 
estimate  of  the  ELVEC  range  (R)  is  made: 

R - 1.2*  DRAN 

The  iteration  procedure  begins  by  using  the  range  equation  to 
compute  BMP. 

BMP  ■ (A*R+B)/ 100 

The  specific  power  (WKG)  is  now  computed 
WKG  - ACCN/BMP 

Call  subroutine  ACTUAL  RANGE  where  a cutoff  DOD  is  determined  and  an 
actual  range  (ACTRAN)  is  computed  by  the  equation 

ACTRAN  - DOD*R/ 100 

If  the  actual  range  is  within  51  of  the  desired  range  then  the 
iteration  procedure  is  terminated.  If  not,  then  the  ELVEC  range  (R) 
is  updated  by  the  factor  DRAN/ACTRAN  and  the  BMP  is  computed 
beginning  another  iteration.  The  upper  limit  to  the  number  of 
iterations  is  now  set  to  30. 
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2.7  DOMINANT  BMP 


The  power  density  it  given  by 

PD  - EXP(LPD) 

where 

LPD“  CH( 1)  ♦ CH(2)  LOG  (TAU)  + CH(3>*  (LOG(TAU))2 
end  TAU  - 6.6/60 

If  GRADE/PD  BMP  end  the  BMP  is  not  input  by  the  user,  then  the 
dominant  BMP  is  "GRADE".  Otherwise,  the  dominant  BMP  is  "RANGE". 
Por  the  case  where  the  user  enters  the  BMP  (the  redesign  option) 
then  the  dominant  BMP  is  "INPUT". 


2.8  THE  AVSIZING  OUTPUT  REPORT 


The  AVSIZING  output  report  contains  the  following  information: 


a.  Vehicle  capacity 

b.  Vehicle  type 

c.  Desired  Rage 
d • Dominant  BMP 

e.  Battery  name 

f.  BMP 

g.  Test  weight 

h.  Actual  range  (est) 


In  addition,  the  weight  (kg)  and  power  (kw)  are  given  for: 


a. 

b. 


c. 

d. 


e. 

f. 


Motor 
Controller 
EV  transmission 
Battery 

ICE  transmission 
Engine 


v 
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A staple  output  report  follows 


AV812IN0  OUTPUT  PC PORT 


dsns*  eonvtrMd  in  2 itsnetisns. 


TEST  CMC  - 9 PM  - N1-FE1.0  - 1O0H1.  DESIRED  RANOE  - ELECTRIC 


WT (KO) 

VOL(LTR) 

PMR<KW> 

THE 

VEHICLE  CAPACITY  IS  9 

THE 

VEHICLE  TYPE  18  ELECTRIC 

ROTOR 

90.39 

28.79 

44.27 

THE 

DESIRED  RANGE  IS  100.00  HI 

CONTR 

19.66 

22.68 

49.19 

THE 

DOMINANT  SHF  IS  RANOE 

EV  TRANS 

94.69 

17.97 

49.19 

THE 

SATTERY  IS  N1-PE1.0 

SAT  IR 

489.02 

266.48 

96.66 

ICE  TRANS 

0.00 

0.00 

0.00 

EN01NE 

0.00 

0.00 

0.00 

THE  BMP  IS 
THE  TEST  ME10HT  IS 
THE  CURS  HEIGHT  IS 
THE  ACTUM.  RANOE  IS 


0.278 

1796. 86  KO 

1620.86  KO 
101.96  HI 


•MND  OP  PROOAAN  OPERATIONS** 
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2.9  PURPOSE  OF  SUBROUTINES 


SUBROUTINE 


PURPOSE 


FRONT-END 


PARAMVAR 

CYCLE  - I 
(1-1  to  12) 

CYCLE-VAN 


Writes  statement  to  disk  that 
whan  aant  to  tha  VAX  will 
craata  (opan)  tha  appropriate 
file*  Writaa  tha  initial 
portion  of  tha  various  cyclas 
to  disk*  This  subrout ina  is 
used  by  all  cyclas  (Federal 
Highway,  Van,  and  24-hr. 

Writas  further  statements  for 
the  various  cycles  to  disk. 

Writas  tha  individual  cyclas 
(1-12)  to  disk  for  the  24-hr. 
cycle. 

Writas  portion  of  VAN  cycle 
to  disk. 


VEHICLE-DATA 


CH-READ 
BATH  $- RE  AD 
ACTUAL-RANGE 

WEIGHT 

HYBRID 

DATA 


If  not  running  a 24-hr. 
cycle,  writes  vehicle  data  to 
disk*  It  is  called  aft*r  a 
non-24-hr.  cycle  is  v ■ . 
to  disk.  The  file  wri  \ by 
this  subroutine  is  rean  only 
if  a new  vehicle  is  not  being 
run. 

Reads  tha  CH-coafficient  from 
data  statements* 

Reads  battery  names  from  data 
statements. 

Contains  tha  cutoff  DOD  va. 
specific  power  tables. 
Computes  actual  range. 

Computes  weight-dependent 
quantities. 

Writes  hybrid  inputs  to  ELVEC 
program  to  disk. 

Writas  data  for  ELVEC  program 
to  disk. 
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1.0  PRELIMINARIES 


It  ia  aaauaad  chat  tha  SMARTCOMII  communication  packaga  disk  (Hayaa 
Microcomputer  Product*  Corp. ) with  a macro  aat  for  automatic  log  ou 
ia  inaerted  in  driva  A*  Driva  B ia  reaarvod  for  a diak  containing 
tha  programa:  AV  SI  ZINC.  BAS.  AVENE  RCY.  BAS  a'.d  AVCOST.BAS.  Normally 
tha  diak  in  driva  A ia  uaed  to  hoot  tha  ayataa. 


Figure  M-l.  Oeaign  Procedure  Flow  Diagram 


preceding 


PAGE  BLANK  NOT  FILMED 
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3.0  OUTLINE  OF  DESIGN  PROCEDURE  TERMINAL  SESSION 

This  section  steps  through  the  design  of  a preliminary  vehicle, 
24-hour  cycle  and  running  of  the  energy  and  costing  programs.  Each 
step  is  numbered  and  represents  an  action  taken  by  the  user.  The 
actions  indicated  are  entered  at  the  keyboard.  Non-specific  actions 
are  braketed  and  are  not  numbered.  Comments  are  also  braketed  or 
enclosed  in  parenthesis  or  explicitly  labeled. 


3.1 

PHASE  1 (design  preliminary  vehicle) 

STEP 

ACTION 

RESULT 

(prompt  * A>) 

IBMPC 

1. 

B: 

Change  to  B drive. 

2. 

BASIC  AVSIZING 

Request  version  of 
basic,  load  and  run 
AVSIZING. 

f Respond  to  prompts') 

Comment:  In  this 

l 

in  AVSIZING  J 

esse  AVSIZING  is 
used  to  size  a 
preliminary  vehicle. 

3.  ; 

SYSTEM 

Return  to  system. 

4. 

A: 

Change  to  A drive 

5. 

SCOM 

Activate  SMARTCOM  II 

6. 

B 

Set  directory  for  the 
B drive. 

7. 

, J 

1 

Begin  communications 

8. 

originate 

transmission 

9. 

1 

(Macro  is  activated  fori 
[automatic  log  on.  J 

dial 

( prompt  - i) 

[Ready  to  send  filel 
LlOCAL.DAT  to  VAX  J 

VAX  environment) 

10. 

FI 

Display  SMARTCOM  menu 

STEP 


ACTION 


RESULT 


11. 

7 (optional) 

printer  on 

12. 

5 

send  file 

13. 

2 

start /stop  protocol 

14. 

LOCAL .DAT 

[Wait  until  transmission] 
[of  file  is  complete.  J 

Enter  file  name 

15. 

control  Z 

Completes  the 
creation  of  the 
file  STAREL.COM 

16. 

gMAX* 

Execute  MAX.COM  to 

run 

run  ELVEC  in  demand 
mode. 

17. 

NO  (normally)  or  YES 

Response  to 
question: 

do  you  wish  to  see 
1 July  message? 

Response  to:  BULK 

DATA 

FILE  TO  BE  USED  (NULL 
RETURN  FOR  DEFAULT): 

lOe  * 

The  command  file  STAREL.COM 

will  supply  automatic  inputs 
to  the  ELVEC  program  until 

- 

run  is  completed. 

- m 

(prompt  - |) 

(VAX  environment) 

19. 

LOG 

log  off 

20. 

FI 

Display  SMAKICOM  menu 

* It  is  assumed  that  ELVEC  is  to  be  run  in  demand.  If  you  wish  to 
run  ELVEC  in  batch  (the  correct  response  to  question  in  AVSIZING 
must  have  been  given)  replace  gMAX  with  SUBMIT  STAREL.COM/NO 
PRINT/QUE-  FIFO. 
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STEP 


ACTION 


RESULTS 


21. 

22. 


3.2 

STEP 


23. 

24. 
23. 


0 end  communications/ 

program 

Y Response  to  question: 

Exit  program? 


(prompt  ■ A>) 

Repeat  above  sequence 
(steps  1-22)  until 
range  constraint  is 
satisfied. 


PHASE  2 (generate  24-hour  cycle) 
ACTION 

[repeat  steps  1-9] 

[Macro  is  activated  for  I 
automatic  log  on  J 

(prompt  * $ ) 

[Ready  to  send  file  1 
XXX. DAT  (batch)  or  I 
STAREL.DAT  (demand) J 

[repeat  steps  10-13] 

XXX. DAT  (for  batch) 
or 

STAREL.DAT  (for  demand) 

(XXX  is  file  name  of 
24-hr.  input  file) 

[Uait  'till  transmission 
of  file  is  complete.  J 

Control  Z 

[If  batch  mode  then  XXX.COM  1 
is  created.  If  demand  mode  I 
then  STAREL.COM  is  created.] 

@MAX  (for  demand) 
or 


RESULT 

Comment:  In  thi3  case 

AVSIZING  is  used  to 
generate  a 24-hr.  cycle 


Enter  file  name 


Completes  creation  of 
appropriate  file. 


run  ELVEC  (in  demand  or 
batch) 
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STEP 


ACTION 


RESULTS 


SUBMIT  XXX.COM/NOPRINT/ 

QUE“FIFO  (for  batch) 

[if  demand  mode  respond! 
to  first  two  prompts.  | 

(steps  17  and  18)  J 

(prompt  • 4)  VAX 

[repeat  steps  19-22} 

(prompt  * A>)  IBMPC 

After  running  ELVEC  with  a set  of  inputs  for  a 24-hour  cycle  a VAX 
file  named  RNGE.DAT  is  created.  This  file  contains  a partial  set  of 
inputs  for  the  IBMPC  program  AVENERGY . BAS . Therefore,  this  file  (or 
at  least  a portion  of  it)  must  be  written  to  disk.  This  is  done  as 


follows: 

( 

\ 

STEP  ACTION 

RESULT  1 

(prompt  • $) 

i 

(VAX  environment)  j 

26. 

TYPE  RNGE.DAT  ** 
but  do  not  enter. 

prepare  to  type  RNGE.DAT  i 

! 

i 

27. 

F4 

\ 

i 

Receive  file 

J 

28. 

, J 

complete  typing  of  ; 

RNGE.DAT 

29. 

FI 

Completes  file  reception  | 

'enter  file  name  to  be  used 
on  disk  in  B drive 

Rename  file 

(This  is  optional  since 
default  - TEMP)  SMARTCOM 
.must  be  set  for  B directory).. 

j 

(This  file  is  called  the  ! 
ELVEC  OUTPUT  FILE  in  j 
AVENERGY. BAS) 

[repeat  steps  19-22 
[(prompt  “A  ) 


t 


'*  For  simplicity  it  is  assumed  that  RNGE.DAT  contains  only  the 
xnputs  for  the  current  run.  The  case  where  this  is  not  true 
will  be  discussed  in  section  4. 
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If  ELVEC  is  run  in  batch,  a file  XXX .LOG  is  created  which  contains 
the  result  of  the  run*  (XXX  is  the  file  name  of  the  24-hour  input 
file.) 


The  user  is  now  ready  to  run  the  programs  AVENE BAY  and  AVCOST. 
Nearly  all  of  the  input  procedure  has  been  made  automatic,  however, 
each  of  these  programs  prompts  the  user  for  some  information*  Part 
of  the  inputs  are  the  names  of  files  on  disk  which  contain  data  for 
these  programs*  These  files  are: 


XXX  .ENG 

ELVEC  OUTPUT  FILE 

XXX.COS 

ENERGY .DAT 


(input  to  AVENERGY) 

(input  to  AVENERGY) 

(input  to  AVCOST) 

(input  to  AVCOST  — but  not  requested* 
This  file  is  created  by  AVENERGY.) 


IMPORTANT:  AVENERGY  and  AVCOST  must  be  run  in  tandem. 

The  following  section  will  discuss  these  and  other  files  on  disk  in 
more  detail* 


4.  FILES  ON  DISK 

This  following  is  a list  of  all  the  files  on  disk  (B  drive) 
generated  or  used  by  the  various  programs* 

1 ELVEC  OUTPUT  FILE  (Actual  name  specified  by  user) 

This  file  contains  information  required  by  AVENERGY  that  is  created 
when  ELVEC  is  run  for  a 24-hour  cycle*  It  is  a copy  on  disk  of  all 
or  a part  of  the  file  RNGE.DAT  created  in  the  VAX  environment.  The 
user  specifies  its  name  when  down  loading  RNGE.DAT  (all  or  part)  to 
disk.  If  a name  is  not  specified,  the  default  name  is  TEMP. 

If  RNGE.DAT  is  not  erased  before  running  a 24-hour  cycle,  then  the 
data  contained  in  RNGE.DAT  may  be  stacked  for  several  runs.  Hie 
data  in  the  ELVEC  OUTPUT  FILE  must  contain  the  data  for  a single 
run.  This  can  be  accomplished  by  creating  another  file,  i.e* 

XXX. RAN,  which  contains  only  the  required  information.  The 
procedure  is  as  follows: 

1.  Copy  RNGE.DAT  to  XXX.RAN 

(the  command  is:  COPY  RNGE.DAT  XXX.RAN). 

2.  Delete  unwanted  lines  using  the  VAX  editor. 

3.  Download  XXX.RAN  to  disk. 

The  data  in  the  ELVEC  OUTPUT  FILE  are: 

ELVEC  range  (one  for  each  cycle) 

Actual  range  (one  for  each  cycle) 
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Maximum  DOD 
Maximum  PD 

Energy  consumption  (one  for  each  cycle) 

gel*  per  mi  (one  for  each  cycle) 

date 

time  (one  for  each  cycle) 

AVENEBGY  Requests  the  name  of  the  ELVEC  OUTPUT  PILE  in  order  to 
obtain  the  above  information.  If  the  user  responds  to  this  request 
with  a carriage  return  (null  response)  then  this  allows  the  user  to 
input  the  information  from  the  keyboard. 

2.  ENERGY.DAT 

This  file  is  created  by  AVENE RGY  and  transfers  information  to  AVCOST. 
The  data  are: 


In  AVENEBGY 


In  AVCOST 


ETKM 

E 

ENER 

FUEL 

DCON 

LITM 

BCL 

X365 

WB 

TIT$ 

VEH 


TKM 

AELC 

EOLY 

RICE 

KMYR 

AFUS 

CYCB 

ADOD 

WB 

PHD$ 

IVTYP 


3.  LOCAL.DAT 


This  file  is  the  local  file  (on  disk)  created  by  AVSIZING  whenever  a 
new  vehicle  is  being  designed.  It  is  also  created  when  the  redesign 
option  is  used.  It  is  sent  to  the  VAX  where  it  creates  a file 
called  STAREL.COM  which  contains  the  inputs  for  the  ELVEC  program. 
(STAREL.COM  is  called  the  remote  file).  STAREL.COM  may  be  used  to 
run  ELVEC  in  demand  or  batch  mode. 


4.  STAREL.DAT 

This  is  the  local  file  (on  disk)  for  running  a 24-hour  cycle  in 
demand.  The  remote  file  is  STAREL.COM.  This  file  is  created  by 
AVSIZING. 

5.  XXX. COS  (XXX  is  file  name  of  24-hour  input  file) 

This  file  is  created  by  AVSIZING.  It  contains  data  required  by 
AVCOST. 
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The  data  are: 


IN  AVSIZING  IN  AVCOST 

PEFPWR 
CKW 
ETKW 
EPOW 
NAM* 

wc 

6.  XXX. DAT  (XXX  is  file  name  of  24-hour  input  file) 

This  file  is  created  by  AVSIZING.  It  is  the  local  file  (on  disk) 
for  running  a 24-hour  cycle  in  batch.  The  remote  file  is  XXX. COH. 

7.  XXX. ENG  (XXX  is  file  name  of  24-hour  input  file) 

This  file  is  created  by  AVSIZING.  It  contains  data  required 
by  AVENEBGY • The  data  are: 

IN  AVSIZING  IN  AVENERGY 


MKW 

CKW 

ETKW 

EPOW 

Ba^TS 

CURBWT 


WB 

WT 

TLE$ 

VEHX 

8.  VEHICLE .DAT 


WE 

WT 

TIT$ 

VEH 


This  file  is  created  by  AVSIZING  end  is  used  to  transfer  information 
from  a new  vehicle  design  to  a redesign,  or  24-hour  cycle  option. 
AVSIZING  is  the  only  program  which  uses  the  data  in  this  file. 
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SAMPLE  CASE 


| 

i 

i preceding  cage  blank  not  filmed 
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1.0  SAMPLE  CASE 


The  vehicle  used  in  this  sample  has  the  following  parameters: 

1*  5-passengers 

2.  electric 

3.  battery  is  NI-FE1.0 

4.  desired  range  is  100  miles 


2.0  SIZING  NEW  VEHICLE  USING  AVS1Z1NG 

The  federal  cycle  was  used  along  with  the  inputs  given  above  to  size 
a preliminary  vehicle. 

The  local  file  (on  disk)  L0CAL.DAT  was  created  by  AVS1Z1NG  using  the 
demand  mode  option.  Sending  L0CAL.DAT  to  the  VAX  created  the  file 
in  the  VAX  environment  STASEL.COM.  Executing  the  command  file 
MAX.COM  then  ran  ELVEC  in  the  demand  mode. 


2.1  RUNNING  24-HOUR  CYCLE 

AVSIZ1NG  was  used  to  generate  a 24-hour  cycle  corresponding  to  the 
preliminary  vehicle  indicated  above.  The  file  name  of  the  24-hour 
input  file  was  chosen  to  be  ELTEST. 

This  created  the  following  files  on  disk: 

ELTEST.DAT 
ELTEST. ENG 
ELTEST. COS 

ELTEST.DAT  was  sent  to  the  VAX  in  order  to  create  the  file 
ELTEST.COM  which  was  used  to  run  ELVEC  in  the  batch  mode.  This,  in 
turn  created  the  files  (in  the  VAX  environment): 


ELTEST .LOG 
RNGK.DAT 

RNGE.DAT  was  down  loaded  to  disk  under  the  name  ELTEST .RAN. 


3.0  RUNNING  AVENERGY 

The  inputs  for  this  sample  case  are: 

FILE  OF  THE  FORM  XXX.ENG 
ELVEC  OUTPUT  FILE 
VEHICLE  NUMRER 
BATTERY  CYCLE  LIFE 


ELTEST. ENG 
ELTEST. RAN 
3 

750 


’RECEDING  PAGE  BLANK  NOT  FILMED 


4.0  RUNNING  AVCOST 


The  inpuca  for  this  sample  case  are: 


FILENAME  OF  THE  FORM  XXX. COS  ELTEST.COS 

COST  OF  ELECTRICITY  IN  C/KW-H  5 

BATTERY  SHELF  LIFE  IN  YEARS  10 

DEPTH  OF  DISCHARGE  0.8 

MAINTENANCE  FACTOR  1 

LIFE  OF  VEHICLE  IN  YEARS  10 

MOTOR  TYPE  1 

CONTROLLER  TYPE  1 

SALVAGE  VALUE  (Z)  10 

REAL  INTEREST  RATE  (Z)  10 

REAL  DISCOUNT  RATE  (Z)  10 

FINANCE  TERM  IN  YEARS  4 

EV  TRANSMISSION  TYPE  1 


The  computer  output  for  this  sample  case  starting  with  the  AVSIZING 
output  report  for  the  preliminary  vehicle  and  ending  with  the 
results  of  AVCOST  follows. 


AVSIZINO  OUTPUT  REPORT 


ITanas  conversed  in  2 iterations. 

TEST  CASE  - 9 PAS  - NI-FE1.0  - 100M1.  DESIRED  RANOE  - ELECTRIC 


THE  VEHICLE  CAPACITY  18  9 

NT (KO) 

VOL(LTR) 

PHR(KW) 

THE  VEHICLE  TYPE  IS  ELECTRIC 

MOTOR 

80.39 

23.79 

44,27 

THE  DESIRED  RANOt  IS  100.00  Ml 

CONTR 

18.48 

22.88 

48.19 

THE  DOMINANT  DNF  IS  RANUC 

EV  TRANS 

34.49 

17.97 

49.19 

THE  DATTERV  IS  NI-FEl.O 

DAT  IR 

488.02 

248. 48 

98.48 

ICE  TRANS 

0.00 

0.00 

0.00 

THE  SHF  IS  0.2/8 

THE  TEST  ME10HT  IS  i/90.84  NO 

THE  CURS  UEIOHT  IS  1420.84  KO 

THE  ACTUAL  RANGE  IS  101.94  Ml 

ENGINE 

0.00 

0.00 

0.00 

«#ENO  OR  PROORAH  OPERATIONS** 
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CREATE/LOO  STARfeL.COM 

E 

N 

N 

N 

USERDATA 

ADVEV 

MULMOl  ANALYT 
MlLMAT  ACIRNO 
NARBAT  NI-FE1.0 
NANCYC  FGDRAL 
RUN 
N 

SLFDSC  .01 A 
ECHO  ON 
PACC  O 
wr  1794.0* 

MB  40V. 0174 
CUA  .4 
CHOI AL  1 
PURE  30 

PEFPMR  KM  44.27207  44.27207 

PNXANL  00.94973KM 
PKEFP  .93  .99 

EFKCD  .90 

CH  3.09094  -.723494  -9.69473E-03 
END 

TC8T  CASE  - 9 PAS  - NI-FE1.0  - lOOfll. 
N 

UU  IT 


LOCAL. DAT) 


DESIRED  RANGE  - ELECTRIC 


XCREATE-1 -CREATED*  SIAOl C0RCU8ERJSTAREL. CONI 990  cr«4t«d 
0 0NAX 

Do  you  Mnt  to  too  1 July  **•*••*?  i 

SULK  DATA  FILE  TO  BE  USED  (NULL  RETURN  FOR  DEFAULT)?  I 

ORC  ELECTRIC  VEHICLE/BATTEKY  SIMULATION.  VERSION  0.4  14APR04 

SPECIFY  DESIRED  OUTPUT  UNITS  - METRIC  OR  ENGLISH  . . . 

> 

INITIATING  BULK  READ.. .DO  YOU  WANT  TO  SEE  INTRODUCTORY  PRINTOUTS  OR  N)? 

> 

BULK  READ  CORPLETE- 

UEETV1  OEM! DATA  NOT  CURHENTLY  IN  CORE 
SEARCHINO  BULK DATA  FILE  FOR  II. 

UU  YOU  WANT  CARD  IMAGES  OF  SPECIAL  DATA  PAIN  ED  <Y  OR  N>? 

> 

EV2-13/A  BATTOATA  NOT  CURRENTLY  IN  CORE 
SEARCH I NO  BULK DATA  FILE  FOR  II. 

DO  YOU  WANT  CARD  IMAOES  OF  SPECIAL  DATA  PRINTED  <Y  OR  N>? 

> 

INPUT  CHANOES  FOR  NEXT  RUN- 

> 

NAME  OF  DATA  PACKAOE. . . 

> 

WT  1040  MB  144  CDA  0.999  CHDIAL  0.89 

NAMCVC  FLORAL  NHEOEN  2 VNINRO  9NPH  ACL FAC  0.9  ACLRCS  1.3MPH 


(RUNNING  ELVEC 
<4  IN  DEMAND  MODE 
WITH  MAX  MAX.COM) 
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MAAHY5  IV 

ROLSAT  FRCTUT  NAN5AT  AL-AIA 

MOLNOT  ANALYT  PKEFF  0.9  0.9  EXFTRQ  0.15  0.19  PCFOHO  RPH  10000  10000 
PSFPWR  KM  20  20 

NAMCLC  DRCOUP  FAT 10  .252  U OtAA  1111 

ViLtCD  200  200  200  2HF0MN  200  200  200  1FFCT  0.9  0.9  0.9  0.9 
CELT  1 T8T0P  20000 
Cm  DATA 
> 

> 

> 

> 

> 

INFUT  COMPLETE  FOR  THIS  CMC 
MI-FEl .0  •ATTOATA  NOT  CURRENTLY  IN  CORE 
MARCH  I NO  SULKDATA  FILE  FOR  IT. 

DO  YOU  WANT  CARO  1NA0CS  OF  SPECIAL  DATA  PRINTED  (Y  OR  N)? 

> 

VALUE  DEFINED  FOR  UNIT  NAME  SCLF  - 
NEW  DATA  FT AO  IN  TAlLCS. . .OVERRIDE.  IF  NECESSARY 
> 

> 

> 

PACC  0 

> 

MV  1794.54 

> 

M5  459*0174 

> 

COR  .4 

> 

CRDIAL  1 

> 

FT  I RE  25 

> 

FCFPMR  KM  44.27257  44.27257 

> 

PRXANL  55. 54972KM 

> 

FKEFF  .99  .99 

> 

EFFCO  .55 

> 

CM  2.59594  -.722494  -9.59472E-02 

> 

END 

INPUT  COMPLETE  FOR  THIS  CASE 

INPUT  A 1-75  CHARACTER  TITLE  FOR  THIS  CASE- 

> 


TEST  CASE  - 9 PAS  - NI-FE1.0  - 100HI.  DESIRED  RANOE  - ELECTRIC 
OATE  2S-SCP-S4 
TINE  05I2H24 

PEORAL  SCHDDATA  NOT  CURRENTLY  IN  CORE 
SEARCH I NO  SULK DAT A FILE  FOR  IT. 

FEIIRAL  CYCLE.  1272  VALUES  READ. 
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Kiev  parameters  (metric  units) 

VEHICLE STRATEGY 

MS  WT  CM  TTIRC  PTIRE  ACL  FAC  ACLRCS  FBRKS  NREGEN  EFFCN  EFFCFM 

ASS  1797  0. 400  RADIAL  38.0  0.99  -0.67  0.30  2 0.000  0.909 


HOOELl 


ORCOUP  ANALYT  NI-F6I.0 


EV 


SCHEDULE 


FECRAL 


PER 1 00  RANOE  • AVERAOE  ROAD  ENtROY  MAX  ROAD 
SPEED  M/0  RON  M RON  POWER 
SEC  Ml  MI/H  MH/MI  HP 

1371  7.490  19.6  202.4  97.6  90.6 


ENEROV  AND  EFFICIENCY  SUMMARY  FOR  RANOE  TRAVELED- 


MAJOR  SUBSYSTEM  LOSSES  AND  EFFICIENCIES 


MH/MI 

PRCNT(PMRTRN) 
FRCNT( OVERALL) 
EFFICIENCY 

BATT  SYS  MTR/CNT 
227.9  37.9 

333.2  99.6 

93.1  B.  9 

0.92B  0.B81 

PRVYRN 

30.3 

44.4 
7.  1 

0.898 

PWRTRN  BRAKES 

68.3  34.6 

100.0  90.7 

19.9  8.1 

0.793 

MISC 

0.4 

0.6 

0.1 

COMPONENT  LOSS  BY  DRIV1N0  PHASE (MH/MI 

l AND  PERCENT  OF 

OVERALL)- 

OVERALL. MH/MI 
EFFICIENCY 

TOTAL 

42B.4 

0.309 

ACCEL 

CRUISE 

COAST 

BRAKE 

OM-LL 

MOTOR 

37.9 

23.7 

2.3 

. 0.0 

11.9 

0.0 

PERCENT 

S.9 

9.9 

0.9 

0.0 

2.8 

0.0 

EFFICIENCY 

0.081 

0.893 

0.871 

0.000 

0.890 

0.000 

TRANSMISSION 

30.3 

19.  V 

1.7 

C.O 

8.0 

0.0 

PERCENT 

7.1 

4.6 

0.4 

0.0 

2. 1 

0.0 

EFFICIENCY 

0.M96 

0.899 

0,099 

0.000 

0.899 

0.000 

AERO 

36.0 

14.8 

9.4 

0.0 

19.7 

0.0 

PERCENT 

8.4 

3.4 

1.3 

0.0 

3.7 

0.0 

TIRES 

61.6 

27.6 

7.6 

0.0 

26.9 

0.0 

PERCENT 

14.4 

6.4 

l.S 

0.0 

6.2 

0.0 

MISCELLRN 

0.4 

0.2 

0.0 

0.0 

0. 1 

0. 1 

PERCENT 

0.1 

0.0 

•BATTERY  AND  O 

0.0 

(AROER 

0.0 

0.0 

0.0 

— CK 

(EROY 

POWER. MX 

FINAL 

BATT 

CHARGER 

OUT  IN 

LOSS 

OUT 

IN 

state 

EFF 

LOSS  EFF 

WH/NI 

MH/MI  PMCNT 

W/LB 

WK/MI  PRCHT 

299  94 

189  43. 1 

41.2 

16.9 

0.000 

0.9B 

43  10.00  0.900 

TOTAL  ELECT  C0N8M  ELECT  COST 

RANOE  AT  MALL  (AT  10.0C/KMH) 

MI  MH/MI  MH/MI  »T0N  C/MI 

130.9  42S.<>  221.3  4.29 

103.9  • 

• - BASED  ON  LOWEST  DEPTH  OF  DISCHARGE  ( 0.  794  > WHICH  COULD 
SUSTAIN  THE  MAXIHUM  POWER  DENSITY  ( 90.9  W/KO). 

EQUIVALENT  FUEL  CONSUMPTION  AND  ECONOMY  ( GASOLINE >- 


SOURCE  OF  CONSUMPTION  ECONOMY 

PRIMARY  ENERGY  LIT/KM  KH/LIT  MI /GAL 

PETROLEUM  0.0769B  13.0  30.6 

COAL  0.04490  22.9  92.B 

DO  YOU  WANT  THE  CAFE  VALUE  CONFUTED? 

> 

N 


INPUT  CHANOES  FOR  NEXT  RUN- 

> 

QUIT 
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AVSIZINC  OUIPUI  KfcKJKl 


ORIGINAL  PAGE  IS 
DC  POOR  QUALITY 


K«mt  ctnvtmd  in  2 lt«r*tion«. 

TESI  CASE  - 9 HAS  - NI'FEl.O  - lOOHI.  UfcSIKEU  NANCE  - ELECTRIC 


ur<KO> 

VOC(LTR) 

PWN(KW) 

1 Mk 

VEHICLE 

LAP  Ac  I • Y IS  9 

• Mb 

VEHICLE 

TYPE  IS  ELEC  1 NIC 

HU1UN 

VO.  39 

2b.  79 

44.2 1 

• Mb 

UEblKtU 

NANCE  IS  1UU.IH.I  HI 

LUNIK 

lV.6b 

22.  bS 

4V.  IV 

THE 

HUM i NANI 

BHP  IS  NANCE 

EV  I NANS 

34.6V 

I 7.97 

4V.  IV 

1HE 

BAIIeHV 

IS  Nl-PEl.U 

bAI  IN 

48V. 02 

260. 4b 

9b.  6b 

ICE  INANS 

0.00 

0.00 

0.00 

ENCiNE 

0.00 

0.00 

0.00 

THE 

SHF 

IS 

O.  2/b 

1 ME 

TEST 

WEIGHT 

IS 

1/96. 06 

KO 

• Mb 

CURB 

WEIGH! 

IS 

1620.06 

EG 

•he: 

ACiUAC  NANCE 

IS 

101.96 

HI 

«#END 

OF 

PROGRAM  OPERATIONS#* 


AN  INPUT  PILE  HAS  BEEN  WRITTEN  TO  DISK  USING  THE  24  HOUR  CYCLE  AND  DATA  FROM  THU 
LAST  RUN  FOR  WHICH  A FEDRAL.  HIGHWAY.  OR  VAN  INPUT  FILE  WAS  CREATED 


YOU  WISH  TO  RUN  THE  24  HR.  CYCLE  IN  BATCH  THEREFORE  I 
THE  LOCAL  FILE  18  ELTEST.DAT 
THF  REMOTE  FILE  18  ELTEST.COM 

THE  SUBMIT  COMMAND  IS  SUBMIT  ELTEST.COM/NOPRINT/QUE-FIFO 


••  END  OF  PROGRAM  OPERATIONS  •• 


CREATE/LUG  ELTEST.COM 

S'.  SIAOl  ( UHCUSER.  ST  ORE  1RUNELVEC 

6. 


E 

N 

N 

N 

USER0A1 A 
ADVEV 

MOL MOT  ANALVT 
MOL SAT  ACTRNU 
NAMBAT  NI-FEI.O 
PARAMVAR 
MAMCYC 
N 

0RB1  1 URB2  t 
Hrk  l.9hr 

UR  S3  1 URB4  | URBS  I URB6  1 URB7  i ORBS 
Hrk  21.90hr 


(ELTEST.DAT) 


END 

RUN 

N 

SLFOSC  .016 
ECHO  ON 
PACC  O 
WT  1756.86 
MB  489.0176 
COA  .6 
CRD1AL  1 
PTIRE  38 

PEFPMR  KM  44.27287  44.27287 

PHXANL  88.54S73KW 
PKEFF  .95  .95 

EFFCO  .58 

CH  3.85854  >.723694  -9.8S473E-03 
END 

TEST  CASE  - 9 PAS  > NI-FE1.0  - 10OM1.  DESIRED  RANOE  • ELECTRIC  > 
N 


CYCLE  1 


MAMCYC 

N 

URB1  1 URB2  I URB3  1 URB4  1 ORBS  1 URB6  I 
Nrk  5. 01  hr 

URB7  1 URB8  1 UR89  I ORB 10  1 ORB 11  1 ORB 12  1 URBl.i  1 ORB 14  1 ORB IS  1 URB16  1 

URB17  1 

R«rlc  18.60hr 

END 

RON 

TEST  CASE  > 9 PAS  > Ni-FEl.O  > 100M1.  DESIRED  RANOE  - ELECTRIC  - CYCLE  2 
N 

nftfinm  Min 
rfWwiVNn 

MAMCYC 

N 

URB1  1 
Mrk  5. 16hr 

URB2  1 URB3  1 URB4  1 URBS  1 UNB6  1 
rtrk  0.75hr 

ORB7  1 UR 88  1 0HB9  1 ORBIO  1 URB11  1 ORB 12  1 ORB 13  1 ORB 14  1 URB1S  1 ORB16  1 
URB17  1 
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Mrk  2. 77hr 

URBI  1 URB2  I URB3  1 URB4  1 ORBS  1 UR  BA  1 

URB7  I 0RB6  1 URB9  1 

rark  I4.73hr 

END 

RUN 

TEST  CASE  - 9 PAS  - NI-FE1.0  - 100NI.  DESIRED  RANGE  - ELECTRIC  - CYCLE  3 
N 

RARAHVAR 
NANCY C 
N 

f«dr»t  1 
Ptrk  0.99hr 
(JRB2  1 
Mrk  3. 44hr 
ftdrtl  1 
Mrk  18. 79hr 
END 
NUN 

TEST  CASE  - 9 PAS  - NI-FE1.0  - 100NI.  DESIRED  RANGE  - ELECTRIC  - CYCLE  4 
N 

PARAHVAR 

NANCYC 

N 

ORBI  1 ORB2  1 URB3  1 URB4  1 URB9  I URB6  1 
nrk  7.  IShr 

(JRB7  I 0RB8  I UKB9  I URBIO  1 URB1I  1 URB12  1 URB13  I URB14  1 URB1S  I UNB16  t 

URBI7  1 

Mrk  I.96hr 

f«dr«l  I 

Mrk  6.87hr 

fttfnl  1 

Mrk  7.28hr 

END 

RUN 

TEST  CASE  - 9 PAS  - NI-FE1.0  - 100NI.  DESIRED  RANGE  - ELECTRIC  - CYCLE  9 
N 

PARAHVAK 

NANCYC 

N 

f«dr«1  2 
Mrk  I.04hr 

URBI  I URB2  l URB3  1 URB4  1 URB9  i UR BA  1 

UR07  1 URB8  I URB9  1 

Mrk  0.87hr 

URBI  1 URB2  1 

Mrk  6.83tir 

URB3  I URB4  1 URB9  I URB6  I URB7  1 URB0  1 URB9  1 URBIO  1 URB11  1 
URBI 2 1 URBI 3 1 URBI 4 I URB1S  1 URBI 6 I URBI 7 1 
Mrk  l.E3hr 

N4r«i  l 
Mrk  II.8Vhr 
END 
RUN 

TEST  CASE  - 5 PAS  - NI-FE1.0  - 100HI.  DESIRED  RANGE  - ELECTRIC  - CYCLE  6 
N 

PARAHVAR 

NANCYC 

N 

f«dr*l  2 


park  4.57hr 
URB1  1 
•Mirk  0.60hr 
fadral  2 
park  2.57hr 
f»4ral  1 
park  1.38hr 
fadral  1 
park  12.9Shr 
ENO 
RUN 

TEST  CASE  - 9 PAS  - NI-FE1.0  - 100NI.  DESIRED  RANGE  - ELECTRIC  - CYCLE  7 
N 

PARAHVAR 

NANCVC 

N 

fadral  2 
park  0.82hr 
fadral  2 
park  O. IShr 
fadral  2 
park  3.73hr 
URB1  1 URB2  I 
park  0.216hr 

URB3  1 URB4  1 URB9  1 UR BA  1 UNB7  1 URB8  I URB9  I URBIO  1 URB11  1 

URB12  I URB13  1 UR814  1 URB19  1 URB16  1 URB17  I 

park  16.42hr 

ENO 

RUN 

TEST  CASE  - 9 PAS  - NI-FE1.0  - 100H1.  DESIRED  RANGE  - ELECTRIC  - CYCLE  8 
N 

PAfiAMUAD 

rPWVWrTrWI 

NANCVC 

N 

hi  wav  4 
park  7.04hr 
fadral  1 
hi war  1 
fadral  1 
park  O.Mhr 
fadral  1 
park  14.09hr 
END 
RUN 

TEST  CASE  - 9 PAS  - NI-FE1.0  - 100HI.  DESIRED  RANGE  - ELECTRIC  - CYCLE  9 
H 

PAR ANVAR 

NANCVC 

N 

hlMY  4 
park  S.Shr 
fadral  1 
h 1 way  4 
fadral  1 
park  IS.04hr 
END 
RUN 

TEST  CASE  - 9 PAS  - NI-FE1.0  - 100HI.  DESIRED  RANGE  - ELECTRIC  - CYCLE  10 
N 

QUIT 
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w'n»nru«»i»  p.n 


~2  • 

XCMEATE-I -CREATED.  SIAOl tORCUSfcR3ELTEST.COM! I cr««t«d 

• SUBMIT  EL fEST.COM/MOPHINT/OUE "FIFO  ^-(SUBMIT  BATCH  JOB) 

Job  339  ontorod  on  nuouo  FIFO 
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• lo* 


tv**  ©tt©«t.1o« 

• ON  CONTROL* V THEN  BSET  NOCONTROL- Y • Tr©©  for  ©sc©©©©  to  th©  • (ELTEST.LOG) 

• if  F»Hod©<)  .or*. "BATCH"  Thon  Goto  Botch-txit 

• B©tcti-fixiti  ! Th#*©  «r«  ©nlv  coMMnd*  ©x©cut«d  by  «v©ryon«. 

• 

• Exit 

• SET  PR0T«<S!REW.0!REWD*0! RE. W! RE) /DEFAULT 

• IF  "BATCH". EOS. "BATCH"  THEN  GOTO  BATCH 

• BATCH* 

MS  I AO  I C ORCUSER.  STORE  IRUNELVEC 

• Mt  novorify 

GKC  ELECTRIC  VEHICLE/BATTERY  SIMULATION.  VERSION  8.4  16APR84 

SPECIFY  DESIRED  OUTPUT  UNITS  - METRIC  OR  ENGLISH  . . . 

> 

INITIATING  BULK  READ... DO  YOU  WANT  TO  SEE  INTRODUCTORY  PRlNTOU7(Y  OR  NT? 

> 

BULK  READ  COMPLETE- 

OEETV1  GENTUATA  NOT  CURRENTLY  IN  CORE 
SEARCHING  BULK DATA  FILE  FOR  IT. 

DO  YOU  WANT  CARD  IMAGES  OF  SPECIAL  DATA  PRINTED  (Y  OR  N)  ? 

> 

EV2-I3/A  BATTDATA  NOT  CURRENTLY  IN  CORE 
SEARCHING  BUCK DAT A FILE  FOR  IT. 

DO  YOU  WANT  CARD  IMAGES  OF  SPECIAL  DATA  PRINTED  (Y  OR  NT? 

> 

INPUT  CHANGES  FOR  NEXT  RUN- 

> 

NAME  OF  DATA  PACKAGE. . . 

> 

WT  1060  W8  166  CDA  0.355  CRD I AC  0.85 

NAMCYC  FEDRAL  NREGEN  2 VMINRQ  5MPH  ACL FAC  0.5  ACLRCS  1.5MPH 
NAHHYB  EV 

MOL BAT  FRCTUT  NAMBAT  AL-AIR 

HOC  MOT  ANALYT  PKEFF  0.9  0.9  EXPTRG  0.15  0.13  PEFOMO  RPM  10000  lOOOO 
PEFPWR  KW  20  20 

NAMCLC  DRCOUP  RATIO  .282  16  GEAR  1111 

VELSCD  300  300  300  SHFDWN  300  300  300  EFFCT  0.9  0.9  0.9  0.9 
DELT  1 TSTOP  20000 
END  DATA 

> 

> 

> 

> 

INPUT  NAME  OF  PARAMETER.  INITIAL  VALUE.  FINAL  VALUE.  AND  NUN  STEPS- 

> 

FEDRAL  SCHDOATA  NOT  CURRENTLY  IN  CORE 
SEARCHING  BULKDATA  FILE  FOR  IT. 

FEDRAL  CYCLE.  1372  VALUES  READ. 

DO  YOU  WANT  A SUMMARY  OF  THE  URBAN  SUBSEGMENTS  (Y  OR  N>? 

> 

INPUT  NAME  AND  NUMBER  OF  CYCLES.  INPUT  END  WHEN  DONE. 

FOR  'PARK'  AND  'IDLE'  CYCLES.  INPUT  NAME  AND  PERIOD 

> 

> 

> 

> 

> 

> 

INPUT  COMPLETE  FOR  THIS  CASE 
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NI-FE1.0  BATTIttTA  NOT  CURRENTLY  IN  CORE 
SEARCHING  BULKDATA  PILE  FOR  IT. 

DO  YOU  WANT  CARD  I RAGES  OF  SPECIAL  DATA  PRINTED  (V  OR  N>? 

> 

VALUE  DEFINED  FOR  UNIT  NAME  SCLF  - 
NEW  DATA  HEAD  IN  TABLES. . .OVERRIDE.  IF  NECESSARY 

> 

> 

> 

PACC  O 

> 

WT  1736.66 

> 

WB  489.0176 

> 

CDA  .6 

> 

CRD  I At.  1 

> 

PT1RE  38 

> 

PEFPWR  KW  44.27287  44.27267 

> 

PHXANL  88. 34373KW 

> 

PKEFF  .99  .99 

> 

EFFCO  .98 

> 

CH  3.69894  >.723694  -9. 83473E-03 

> 

END 

INPUT  COMPLETE  FOR  THI8  CASE 

INPUT  A 1-78  CHARACTER  TITLE  FOR  THIS  CASE- 

> 


TEST  CASE  - 9 PAS  - NI-FE1.0  - 100H2.  DESIRED  RANGE  - ELECTRIC  - CYCLE  1 
DATE  4 -OCT-64 

TIME  09196119 

ITERATION  NUMBER  1 CONSISTING  OF  SUBSEOMENT  1 OF  THE  URBAN  SCHEDULE 
KEY  PARAMETERS  (METRIC  UNITS) 

VEHICLE STRATEGY 

WB  WT  CDA  TTIRE  PTIRE  ACL FAC  ACLRCS  FBRK8  NKEGEN  EFFCM  EFFCFW 

489  1797  0.600  RADIAL  38.0  0.90  -0.67  0.30  2 0.000  0.983 

MODELS 

OR COUP  ANALYT  NI-FE1.0  EV 

ITERATION  NUMBER  1 CONSISTING  OF  SUBSEOMENT  2 OF  THE  URBAN  SCHEDULE 
PARK I NO  FOR  1.900  HOURS 

ITERATION  NUMBER  1 CONSISTING  OF  SUBSEOMENT  3 OF  THE  URBAN  SCHEDULE 


ITERATION  NUMBER  1 CONSISTING  OF  SUBSEGMENT  4 OF  THE  URBAN  SCHEDULE 
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ITERATION  NUMBER 
ITERATION  NUMBER 
ITERATION  NUMBER 
ITERATION  NUMBER 
PARKING  FOR  21.91 


I CONS 1ST  I NO  OF 
I C0N8ISTIN0  OF 
I CONSISTING  OF 
I CONSIST! NO  OF 
HOURS 


SUBSEOMENT  3 OF 
SUBSEGMENT  A OF 
SUBSEGMENT  7 OF 
SUBSEGMENT  8 OF 


THE  URBAN  SCHEDULE 
THE  URBAN  SCHEDULE 
THE  URBAN  SCHEDULE 
THE  URBAN  SCHEDULE 


SCHEDULE 

PERIOD 

RANGE 

AVERAGE 

ROAD 

ENERGY 

MAX  ROAD 

SPEED 

W/0  RON 

W RON 

POWER 

SEC 

Ml 

mi/h 

MM/MI 

HP 

URBl 

86373 

4.  224 

0.2 

213.3 

110.3 

30.6 

ENERGY  AND  EFFICIENCY  SUMMARY  FOR  RANGE  TRAVELED- 


MAJOR  SUBSYSTEM  LOSSES  AND  EFFICIENCIES- 


WM/MI 

PRCNT(PWRTRN) 
PHCNT  < OVERALL ) 
EFFICIENCY 

BATT  SYS 
280.0 
413. 1 
32.1 
0.327 

MTR/CNT 

36.1 

33.3 

6.7 

0.891 

DRVTRN 

31.7 

46.7 
3.9 

0.898 

PWRTRN 

67.8 

100.0 

12.6 

0.803 

brakes 

34.3 

30.6 

6.4 

M1SC 

44.4 

63.6 

8.3 

COMPONENT  LOSS  BY  OR I VINO 

PHASE (WH/MI  AND  PERCENT  OF  OVERALL)- 

OVERALL. WH/MI 
EFFICIENCY 

TOTAL 

337.1 

0.270 

ACCEL 

CRUISE 

COAST 

BRAKE 

DWELL 

MOTOR 

36.1 

22.4 

2.6 

0.0 

11.2 

0.0 

PERCENT 

6.7 

4.2 

0.3 

0.0 

2. 1 

0.0 

EFFICIENCY 

0.891 

0.902 

0.881 

0.000 

0.863 

0.000 

TRANSMISSION 

31.7 

20.6 

2.0 

0.0 

9.1 

0.0 

PERCENT 

3.9 

3.8 

0.4 

0.0 

1.7 

0.0 

EFFICIENCY 

0.898 

0.900 

0.897 

0.000 

0.896 

0.000 

AERO 

48.6 

19.9 

7.8 

0.0 

20.9 

0.0 

PERCENT 

9. 1 

3.7 

1.3 

0.0 

3.9 

0.0 

TIRES 

61.9 

28.0 

7.8 

0.0 

26.0 

0.0 

PERCENT 

11.3 

3.2 

1.3 

0.0 

4.8 

0.0 

MISCELL AN 

44.4 

0.1 

0.0 

0.0 

0.1 

44.2 

PERCENT 

8.3 

0.0 

0.0 

0.0 

0.0 

8.2 

BATTERY  AND  CHAROER< 


ENERGY- 

POWER# MX 

FINAL 

BATT 

CHAROER 

OUT  IN 

LOSS 

OUT 

IN 

STATE 

EFF 

LOSS  EFF 

WH/MI 

WH/MI 

PRCNT 

W/L8 

WH/MI  PRCNT 

313  33 

226 

42.1 

41.2 

16.9 

0.000 

0.38 

34  10.00  0.900 

TOTAL 

ELECT  CONSM 

ELECT  COST 

RANOE 

AT 

WALL 

(AT  10.0C/KWH) 

Ml 

m/m 

WH/MI*TON 

C/MI 

101.8 

80.9 

537.2 

• 

277.4 

3.37 

► - BASED 

ON  LOWEST 

DEPTH  OF 

DISCHARGE  ( 0.7941WHICH  COULD 

M-42 


SU8TAIN  THE  MAXIMUM  POWER  DENSITY  ( 90.9  M/KG). 

EQUIVALENT  FUEL  CONSUMPTION  AND  ECONOMY  (GASOLINE)- 

SOURCE  OF  CONSUMPTION  ECONOMY 

PRIMARY  ENEROY  LIT/KM  KM/LIT  Ml/OAL 

PETROLEUM  0.09847  10.2  23.9 

COAL  0.09693  17.6  41.3 

DO  YOU  WANT  THE  CAFE  VALUE  COMPUTED? 

> 

N 


INPUT  CHANGES  FOR  NEXT  RUN- 

> 

PARAMVAR 

INPUT  NAPE  OF  PARAMETER.  INITIAL  VALUE.  FINAL  VALUE*  AND  NUM  STEPS- 

> 

NAMCYC 

DO  YOU  WANT  A SUMMARY  OF  THE  URBAN  SUBSEOMENTS  (Y  OR  N>? 

> 

N 

INPUT  NAME  AND  NUMBER  OF  CYCLES.  INPUT  END  WHEN  DONE. 

FOR  'PARK'  AND  'IDLE'  CYCLES.  INPUT  NAME  AND  PERIOD 

> 

URB1  1 URB2  1 UR83  1 URB4  1 UNB9  1 URB6  1 

> 

PARK  9.01HR 

> 

URB7  1 URBS  1 URB9  1 URB10  1 URB11  1 URB12  1 URB13  1 URB14  1 UR819  1 URB16  1 

> 

URB17  1 

> 

PARK  1S.60HR 

> 

END 

> 

‘RUN 

INPUT  COMPLETE  FOR  THIS  CASE 

INPUT  A 1-78  CHARACTER  TITLE  FOR  THIS  CA6E- 

> 


TEST  CASE  - 9 PAS  - NI-FE1.0  - 100MI.  DESIRED  RANOE  - ELECTRIC  - CYCLE  2 
DATE  4 -OCT-84 

TIME  09197107 


ITERATION  NUMBER  1 CONSISTING  OF  SUBSEGMENT  1 OF  THE  URBAN  SCHEDULE 
KEY  PARAMETERS  (METRIC  UNITS) 

VEHICLE STRATEGY 

WB  WT  CDA  TTIRE  PI IRE  ACLFAC  ACLRCS  FORKS  NREGEN  EFFCM  EFFCFW 

489  1797  0.600  RADIAL  38.0  0.90  -0.6/  0.30  2 0.000  0.989 


-MODELS- 


DHCOUP  ANALVT  Nl-FEl.O 


EV 


ITERATION  NUNBEN 

CONSIST I NO 

OF 

SUBSSOMENT 

2 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION  NUMBER 

CONS 1ST I NO 

OF 

SUBSEGMENT 

3 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION  NUMBER 

CONS I ST I NO 

OF 

SUBSEOHENT 

4 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION  NUMBER 

CONSISTING 

OF 

SUBSEGMENT 

3 

OF 

THE 

UNBAN 

SCHEDULE 

ITERATION 

NUMBER 

CONSISTING 

OF 

SUBSEOHENT 

4 

OF 

THE 

URBAN 

SCHEDULE 

PARKINO  FOR  3.010  HOURS 

ITERATION 

NUMBER 

1 

C0N8I8T1N0 

OF 

SUBSEOHENT 

7 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER 

1 

CONSISTING 

OF 

SUBSEGMENT 

8 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER 

I 

CONSISTING 

OF 

SUBSEGMENT 

9 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER 

1 

C0N8IST1N0 

OF 

SUBSEGMENT 

10 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER 

1 

CONSISTING 

OF 

SUBSEGMENT 

11 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUNBER 

I 

CONSISTING 

OF 

SUBSEGMENT 

12 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER 

I 

CONSISTING 

OF 

SUBSEOHENT 

13 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER 

1 

CONSISTING 

OF 

SUBSEOHENT 

14 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER 

I 

CONSISTING 

OF 

SUBSEOHENT 

13 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER 

1 

CONSISTING 

OF 

SUBSEGMENT 

u 

OF 

THE 

URBAN 

8CHEDULE 

ITERATION 

(AMBER 

1 

CONSISTING 

OF 

SUBSEOHENT 

17 

OF 

THE 

URBAN 

SCHEDULE 

PARKINO  FOR  IB. BOO  HOURS 

SCHEDULE  PERIOD 
SEC 

URB1  S6367 

RANOE  AVERAOE  ROAD  ENEROY 
SPEED  W/0  RON  W RON 
MI  MI/H  MH/M1 

7.433  0.3  202.3  97. 6 

MAX  ROAD 
POWER 
HP 
30.6 

ENEROY  AND  EFFICIENCY  SUMMARY  FOA  AANOE  TRAVELED- 


MAJOR  SUBSYSTEM  LOSSES  AND  EFFICIENCIES 


BATT  SYS 

MM/HI  230. 1 

PNCN1 (PWRTRN)  366.3 
PRCNTI OVERALL)  32.6 
EFFICIENCY  0.32S 

MTR/CNT 

37.9 

33.6 

S.O 

0.801 

ORVTRN 

30.3 

44.4 
6.4 

0. 898 

PMRTRN 

68.2 

100.0 

14.3 

0.793 

BRAKES 

34.6 

30.7 
7.3 

MISC 

23.2 

36.9 

3.3 

COMPONENT  LOSS 

BY  DRIVING  PHASE (WH/ MI  AND  PERCENT  OF  OVERALL!- 

TOTAL 

ACCEL 

CRUISE 

COAST 

BRAKE 

DWELL 

OVERALL. MM/HI 

4/3.7 

EFFICIENCY 

0.270 

MOTOR 

37.9 

23.7 

2.3 

0.0 

11.9 

0.0 

PERCENT 

S.O 

3.0 

0.3 

0.0 

2.3 

0.0 

EFFICIENCY 

0.BS1 

0.B93 

0.071 

0.000 

o.eso 

0.000 
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TRANSMISSION 

30.3 

19.8 

1.7 

0.0 

8.8 

0.0 

PERCENT 

4.4 

4.2 

0.4 

0.0 

1.9 

0.0 

EFFICIENCY 

0.898 

0.899 

0.899 

0.000  0 

.899 

0.000 

AERO 

34.0 

14.7 

9.6 

0.0 

13.7 

0.0 

PERCENT 

7.4 

3. 1 

1.2 

0.0 

3.3 

0.0 

TIRES 

61.4 

27.6 

7.6 

0.0 

26.4 

0.0 

PERCENT 

12.9 

9.8 

1.6 

0.0 

9.4 

0.0 

MISCCLLAN 

29.2 

0.2 

0.0 

0.0 

0.1 

24.9 

PERCENT 

9.3 

0.0 

0.0 

0.0 

0.0 

9.2 

i » m i 
POWER. MX 

U WwWWl"'"*  ' 

FINAL  BATT 

-CHARGER 

OUT  IN  LOSS 

OUT  IN 

STATE  EFF 

LOSS 

EFF 

MH/MI  NH/HI 

PACNT 

W/LB 

MH/MI  PRCNT 

2B0  94  203 

42.4  41.2  14.9 

0.000  0.98 

48  10.00 

0.900 

TOTAL  ELECT  CONS*  ELECT  COST 

RAMOS  AT  WALL  (AT  lO.OC/KMH) 

m ww/m  wh/hi#tom  c/m 

119.9  473.8  249.7  4.76 

99.2  • 

♦ - BASED  ON  LOWEST  DEPTH  OP  DI6CHAA0E  < O. 794) WHICH  COULD 
SUSTAIN  THE  MAXIMUM  POWER  DENSITY  ( 90.9  M/KQ). 

EQUIVALENT  FUEL  CONSUMPTION  AND  ECONOMY  (GASOLINE)- 

SOURCE  OP  CONSUMPTION  ECONOMY 

PRIMARY  ENERGY  L1T/KH  KM/LIT  Ml/OAL 

PETROLEUM  0.08642  11.4  27.2 

COAL  0.04994  20.0  47.1 

DO  YOU  WANT  THE  CAFE  VALUE  COMPUTED? 

> 

N 


INPUT  CHANGES  FOR  NEXT  RUN- 

> 

PARAMVAH 

INPUT  NAME  OF  PARAMETER.  INITIAL  VALUE.  FINAL  VALUE.  AND  NUN  STEPS- 

> 

NAHCYC 

DO  YOU  WANT  A SUMMARY  OF  THE  URBAN  SUB6E0MENTS  (V  OR  N)7 

> 

N 

INPUT  NAME  AND  NUMBER  OF  CYCLES.  INPUT  END  WHEN  DONE. 

FUR  'PARK'  AND  'IDLE'  CYCLES.  INPUT  NAME  AND  PERIOD 

> 

URB1  1 

> 

PARK  9.14MR 

> 

URB2  1 URB9  1 URB4  1 URB9  1 URB6  1 
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> 

PARK  0.79HR 

> 

URB7  1 JRSS  I URB*  1 UR*  10  1 URB11  1 URBI2  1 URB13  1 URB14  I URB19  1 URS14  1 

> 

UR* 17  1 

> 

PARK  2.77HR 

> 

UR*i  1 URB2  t IM3  1 URB4  1 UR  *9  1 URB4  1 

> 

URB7  1 URM  1 URB»  I 

> 

PARK  I4.73HR 

> 

end 

•» 

RUN 

INPUT  COMPLETE  FOR  THI*  CASK 

INPUT  A 1-7*  CHARACTER  ITTLE  FOR  THIS  CA8E- 

> 


TEST  CASE  - 9 PAS  - N I -ft 1.0  - 100MI.  DESIRED  RANOE  - ELECTRIC  - CYCLE  3 
DAIE  4-OCT-S4 
TINE  0**90102 


ITERATION  NUNSER  I CONSISTING  OF  8U0SEONENT  I OF  THE  URBAN  SCHEDULE 

KEY  PARAMETERS  (METRIC  UNITS) 

— VEHICLE STRATEOY 

MS  MT  CDA  1 TIRE  PTIPC  ACL FAC  ACLRCS  FBRKS  NREGEN  EFFCH  EFFCFW 

40*  1797  0.400  RADIAL  38.0  0.90  -0.47  0.30  2 0.000  9.909 

MODELS — 

ORCOUP  ANALYT  Nl-ftl.O  EV 

PARK I NO  FOR  9.140  HOURS 

ITERATION  NUMBER  I CONSISTING  OF  SUBMOMENT  2 OF  THE  URBAN  SCHEDULE 

ITERATION  NUMBER  1 CONSISTING  OF  SUBSEGMENT  “*  OF  THE  URBAN  SCHEDULE 

ITERATION  NUMBER  I CONSISTING  OF  SUBSEGMENT  4 OF  THE  URBAN  SCHEDULE 

ITERATION  NUMBER  1 CONSISTING  OF  SUBSEGMENT  9 OF  THE  URBAN  SCHEDULE 

ITERATION  NUMBER  1 CONSISTING  OF  SUBSEGMENT  4 OF  THE  URBAN  SCHEDULE 

PARK 1 NO  FOR  O. /SO  HOURS 

ITERATION  NUMBER  I CONSISTING  OF  SU8SE0MENT  7 OF  THE  URBAN  SCHEDULE 

IfERATIUN  NUMBER  1 CONSIST !NG  OF  SUBSEGMENT  8 OF  THE  URBAN  SCHEDULE 

ITERATION  NUMBER  1 CONSISTING  OF  SUB SC OMEN 1 * OF  THE  URBAN  SCHEDULE 

I (ERA  T ION  NUMBER  1 CONSIST  I NO  OF  SUBSE0MEM7  10  OF  THE  URBAN  SCHEDULE 


M-4t> 


ITERATION 

NUMBER 

1 

CONSISTING 

OF 

SUBSEGMENT 

11 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER 

1 

CONSISTING 

OF 

SUBSEGMENT 

12 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER 

CONSISTING 

OF 

SUBSEOMENT 

13 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER 

CONSISTING 

OF 

SUBSEGMENT 

14 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER 

CONSISTING 

OF 

SUBSEOMENT 

19 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER 

CONSISTING 

OF 

SUBSEGMENT 

16 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER 

CONSISTING 

OF 

SUBSEGMENT 

17 

OF 

THE 

URBAN 

SCHEDULE 

PARK I NO  FOR  2.770  HOURS 

ITERATION 

NUMBER 

1 

CONSISTING 

OF 

SUBSEOMENT 

1 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER 

1 

CONSISTING 

OF 

SUBSEGMENT 

2 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER 

1 

CONSISTING 

OF 

SUBSEGMENT 

3 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER 

1 

CONSISTING 

OF 

SUBSEOMENT 

4 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER 

1 

CONSISTING 

OF 

SUBSEGMENT 

9 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER 

1 

CONSISTING 

OF 

SUBSEGMENT 

6 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER 

1 

CONSISTING 

OF 

SUBSEOMENT 

7 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER 

1 

CONSISTING 

OF 

SUBSEGMENT 

B 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER 

1 

CONSISTING 

OF 

SUBSEGMENT 

9 

OF 

THE 

liRRAN 

SCHEDULE 

PARKING  FOR  14.730  HOURS 

SCHEDULE  PER 100  RANGE  AVERAGE  ROAD  ENEROV  MAX  ROAD 

SPEED  M/0  RON  M RON  POWER 
SEC  HI  HI/H  MH/HI  HP 

UR81  86413  12.002  0.9  206.4  101.6  90.6 

ENEROV  AM)  EFFICIENCY  SUMMARY  FOR  RANOE  TRAVELED- 

HAJOR  SUBSYS1 EH  LOSSES  AND  EFFICIENCIES- 


BATT  SY8 

MTR/CNT 

DRVTRN 

PMRTRN 

BRAKES 

H I SC 

MH/HI 

247.9 

37.9 

31.1 

69.0 

39.2 

19.6 

PRCNT4PMRTRN) 

396.8 

94.9 

49.1 

100.0 

91.1 

22.7 

PRCNT  4 OVERALL ) 92.8 

8. 1 

6.6 

14,7 

7.9 

3.3 

EFFICIENCY 

0.928 

0.664 

0.698 

0.796 

COMPONENT  LOSS 

BY  DRIVING 

PHASE 1 MH/HI 

1 AND  PERCENT  OF 

OVERALL >- 

TOTAL 

ACCEL 

CRUISE 

COAST 

BRAKE 

DWELL 

OVERALL. WM/HI 

468.9 

EFFICIENCY 

0.2V2 

MOTOR 

37. V 

23.6 

2.4 

0.0 

11.6 

0.0 

PERCENT 

8.1 

9.0 

0.9 

0.0 

2.9 

O.U 

EFFICIENCY 

0.864 

0.893 

0.679 

0.000 

0.694 

0.000 

TRANSMISSION 

31.1 

20.3 

1.6 

0.0 

9.0 

0.0 

M-47 


PERCENT 

0.0 

4.3 

0.4 

0.0 

1.9 

0.0 

EFFICIENCY 

0.090 

0.099 

0.096 

0.000 

0.099 

0.000 

AERO 

39.9 

10.4 

0.2 

0.0 

17.3 

0.0 

PERCENT 

0.9 

3.9 

1.3 

0.0 

3.7 

0.0 

TIRES 

01.7 

27.8 

7.9 

0.0 

26.3 

0.0 

PfcRCENT 

13.2 

9.9 

1.6 

0.0 

9.6 

0.0 

MISCELLAN 

19.0 

0.2 

0.0 

0.0 

0.1 

19.3 

PERCENT 

3.3 

0.0 

■BATTnv  AM 

0.0 

0.0 

0.0 

3.3 

— jrtjcpfiv  ■ . 

r T **" 

I » tnT  HR 

POWER, MX 

U UIHnWn**** 

FINAL  BATT 

-CHARGER 

OUT  IN  LOSS 

OUT  IN 

STATE  EFF 

LOSS  EFF 

MH/HI  MH/HI 

PRCNT 

M/LB 

MH/HI 

PRCNT 

277  90  201 

42.8  41.2  10.9 

0.000  0.90 

47 

10.00  0.900 

TOTAL  ELECT  CONSH  ELECT  COST 

RANGE  AT  MALL  (AT  lO.OC/KMH) 

M MH/HI  MH/MI*TON  C/HI 


110.7 
94.3  * 


409.0 


242.2 


4.09 


* - BASED  ON  LOMEST  DEPTH  OP  DISCHARGE  ( 0. 794) WHICH  COULD 
SUSTAIN  THE  HA XI HUH  POWER  DENSITY  ( 90.9  M/KQ). 

EQUIVALENT  FUEL  CONSUHPTION  AND  ECONOMY  (GASOLINE)- 


SOURCE  OF 
PRIMARY  ENEROY 
PETROLEUM 
COAL 


CONSUHPTION  ECONOMY 
LIT/KM  KH/LIT  HI/OAL 

0.00483  11.0  27.7 

0.04909  20.4  48.0 


DO  YOU  WANT  THE  CAFE  VALUE  COMPUTED? 

> 

N 


- ###*###*»4hmm***###**###**'##*#*»#*#<mm**#*#*****«*****#*#*######«#***o***#**#*#* 
INPUT  CHAN0E8  FOR  NEXT  RUN- 

> 

PARAMVAR 

INPUT  NAME  OF  PARAMETER*  INITIAL  VALUE*  FINAL  VALUE.  AND  NUM  STEPS- 

> 

NAHCYC 

DO  YOU  WANT  A SUMMARY  OF  THE  URBAN  SUBSEGMENTS  (Y  OR  N>? 

> 

N 

INPUT  NAME  AND  NUMBER  OF  CYCLES.  INPUT  END  WHEN  DONE. 

FUR  "PARK'  AND  'IDLE'  CYCLES.  INPUT  NAME  AND  PERIOD 

> 

FEDRAL  1 

> 

PARK  0.99HR 

> 

UNB  2 1 

> 
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PARK  3.44HR 

> 

FEDRAL  I 

> 

PARK  18.79HR 

> 

END 

> 

RUN 

INPUT  COMPLETE  FOR  THIS  CASE 

INPUT  A 1-78  CHARACTER  TITLE  FOR  THIS  CASE 

> 


TEST  CASE  - 9 PAS  - NI-FE1.0  - 100(11.  DESIRED  RANGE  - ELECTRIC  - CYCLE  4 
DATE  4-OCT-84 
TINE  10104102 


ITERATION  NUMBER  1 NANCY C - FEDRAL 
KEY  PARAMETERS  (METRIC  UNITS) 

VEHICLE — STRATEGY 

WS  WT  CDA  TTIRE  PTIRE  ACL FAC  ACLRCS  FBRKS  NREGEN  EFFCM  EFFCFW 

489  1797  0.600  RADIAL  38.0  0.90  -0.67  0.30  2 0.000  0.985 


MODELS 

DRCOUP  AiCALYT  NI-FE1.0  EV 

PARKING  FOR  0.930  HOURS 

ITERATION  NUMBER  1 CONSISTING  OF  SUBSEOMENT  2 OF  THE  URBAN  SCHEDULE 

PARKING  FOR  3.440  HOURS 

ITERATION  NUMBER  1 NAMCYC  - FEDRAL 

PARKING  FOR  18.799  HOURS 

SCHEDULE  PERIOD  RANOE  AVERAGE  ROAD  ENERGY  MAX  ROAD 

SPEED  W/0  RON  W RON  POWER 
SEC  MI  MI/H  WH/MI  HP 

FEDRAL  86373  16.862  0.7  202.9  102.9  90.6 

ENEROY  AND  EFFICIENCY  SUMMARY  FOR  RANOE  TRAVELED- 


MAJOR  SUBSYSTEM  LOSSES  AND  EFFICIENCIES- 


8ATT  SYS 

MTR/CNT 

DRV TRW 

PWRTRN 

BRAKES 

MISC 

WH/MI 

237. 1 

36.7 

30.0 

66.7 

33.0 

11.1 

PRCNT  < PWRTRN  > 

395.3 

55.0 

49.0 

100.0 

49.4 

16.7 

PRCMT ( OVERALL ) 

92.6 

8.  1 

6.7 

14.8 

7.3 

2.9 

EFFICIENCY 

0.928 

0.884 

0.898 

0.796 

COMPONENT  LDS8 

BY  (RIVING 

PHASE  < WH/MI 

ANO  PERCENT  OF 

OVERALL ) - 

TOTAL 

ACCEL 

CRUISE 

COAST 

BRAKE 

DWELL 

OVERALL. WH/MI 

490.4 

EFFICIENCY 

0.301 

MOTOR 

36.7 

22.7 

2.4 

0.0 

11.9 

0.0 

M-49 


PERCENT 

8. 1 

9.1 

0.9 

0.0 

2.6 

0.0 

EFFICIENCY 

0.684 

0.896 

0.879 

0.000 

0.852 

0.000 

TRANSMISSION 

30.0 

19.6 

1.8 

0.0 

8.6 

0.0 

PERCENT 

6.7 

4.4 

0.4 

0.0 

1.9 

0.0 

EFFICIENCY 

0.898 

0.899 

0.896 

0.000 

0.895 

0.000 

AERO 

40.7 

16.9 

6.4 

0.0 

17.6 

0.0 

PERCENT 

9.0 

3.7 

1.4 

0.0 

4.0 

0.0 

TIRES 

61.7 

27.3 

7.7 

0.0 

26.7 

0.0 

PERCENT 

13.7 

6.1 

1.7 

0.0 

5.9 

0.0 

MISCELLAN 

11.1 

0.1 

0.0 

0.0 

0.  1 

10.8 

PERCENT 

2.9 

0.0 

0.0 

0.0 

0.0 

2.4 

BATTERY  AND  CHARGER 


OUT 

E( 

IN 

(ERGY 

LOSS 

POWER. HX 
OUT  IN 

FINAL 

STATE 

BATT 

EFF 

CHARGER 

LOSS  EFF 

WH/HI 

WH/HI 

PRCNT 

W/LB 

WH/HI  PRCNT 

269 

92 

192 

42.6 

41.2  16.9 

0.000 

0.96 

49  10.00  0.900 

TOT AC  ELECT  CONSH  ELECT  COST 

RANGE  AT  HALL  (AT  10.0C/KHH) 

hi  wh/hi  wh/mi*ton  c/mi 

123.1  490.9  232.6  4.90 

97.7  * 

* - BASED  ON  LOWEST  DEPTH  OF  DISCHARGE  ( O. 794 > WHICH  COULD 
SUSTAIN  THE  MAXIMUM  POWER  DENSITY  ( 90.9  U/KO). 

« 

EQUIVALENT  FUEL  CONSUMPTION  AND  ECONOMY  (GASOLINE)- 

SOURCE  OF  CONSUMPTION  ECONOMY 

PRIMARY  ENERGY  LIT/KM  KM/LIT  MI /GAL 

PETROLEUM  0.06171  12.2  26.8 

COAL  0.04724  21.2  49.8 

DO  YOU  WANT  THE  CAFE  VALUE  COMPUTED? 

> 

N 


INPUT  CHANGES  FOR  NEXT  RUN- 

> 

PAR ANVAR 

INPUT  NAME  OF  PARAMETER.  INITIAL  VALUE.  FINAL  VALUE.  AND  NUM  STEPS- 

> 

NAMCYC 

DO  YOU  WANT  A SUMMARY  OF  THE  URBAN  SUBSEGMENTS  ( Y OR  N>? 

> 

N 

INPUT  NAME  AND  NUMBER  OF  CYCLES.  INPUT  END  WHEN  DONE. 

FOR  'PARK'  AND  'IDLE'  CYCLES.  INPUT  NAME  AND  PERIOD 

> 

URB1  1 URB2  1 URB3  1 URB4  1 URB9  1 URB6  1 

> 

PARK  7.19HR 
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> 

URB7  1 URB8  1 URB9  I URB10  1 URB11  1 URB12  1 ORB 13  1 ORB 14  1 URB1S  1 ORB 16  1 

> 

URB17  1 

> 

PARK  1.96HR 

> 

* FEURAL  1 

> 

PARK  6.87HR 

> 

FEORAL  1 

> 

PARK  7.28HR 

> 

' END 

> 

RUN 

INPUT  COMPLETE  FOR  THIS  CASE 

INPUT  A 1-78  CHARACTER  TITLE  FOR  THIS  CASE- 

> 


TEST  CASE  - 9 PAS  - NI-FE1.0  - 100HI.  DESIRED  RANGE  - ELECTRIC  - CYCLE  S 
DATE  4 -OCT-84 

TII1E  10106108 


ITERATION  NUMBER  1 CONSISTING  OF  SUBSEGMENT  1 OF  THE  URBAN  SCHEDULE 


KEY  PARAMETERS  < METRIC  UNITS) 

VEHICLE 

WB  WT  CDA  TTIRE  PTIRE 
489  1757  0.600  RADIAL  38.0 


STRATEOY 

ACLFAC  ACL RCS  FORKS  NREGEN  EFFCM  EFFCFM 

0.90  -0.67  0.30  2 0.000  0.989 


MODfcLS- 


DRCOUP  ANALYT  NI-FE1.0 


EV 


ITERATION 

NUMBER 

1 CONSISTING 

OF 

SUBSEGMENT 

2 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER 

1 CONSISTING 

OF 

SUBSEGMENT 

3 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER 

1 CONSISTING 

OF 

SUB8E GHENT 

4 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION  NUMBER 

1 CONSISTING 

OF 

SUBSEGMENT 

5 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION  NUMBER 

1 CONSISTING 

OF 

SUBSEGMENT 

6 

OF 

THE 

URBAN 

SCHEDULE 

PARK I NO  FOR  7.190  HOURS 

ITERATION 

NUMBER 

1 CONSISTING 

OF 

SUBSEGMENT 

7 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER 

1 CONSISTING 

OF 

SUBSEGMENT 

8 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER 

1 CONSISTING 

OF 

SUBSEGMENT 

9 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER 

1 CONSISTING 

UF 

SUBSEGMENT 

10 

OF 

THE 

URBAN 

SCHFWJLE 

ITERATION 

NUMBER 

1 CONSISTING 

OF 

SUBSEGMENT 

11 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION  NUMBER  1 CONSISTING  OF  SUBSEGMENT  12  OF  THE  URBAN  SCHEDULE 

ITERATION  NUMBER  1 CONSISTING  OF  SUBSEGMENT  13  OF  THE  URBAN  SCHEDULE 

ITERATION  NUMBER  1 CONSISTING  OF  SUBSEGMENT  14  OF  THE  URBAN  SCHEDULE 

ITERATION  NUMBER  I CONSISTING  OF  SUBSEGMENT  IS  OF  THE  URBAN  SCHEDULE 

ITERATION  NUMBER  1 CONSISTING  OF  SUBSEGMENT  16  OF  THE  URBAN  SCHEDULE 

ITERATION  NUMBER  1 CONSISTING  OF  SUBSEGMENT  17  OF  THE  URBAN  SCHEDULE 

PARKING  FOR  1.560  HOURS 

ITERATION  NUMBER  1 NAMCYC  - FLORAL 

PARK I NO  FOR  6.B70  HOURS 

ITERATION  NUMBER  1 NAMCYC  » FEDRAL 

PARKING  FOR  7.280  HOURS 

SCHEDULE  PERIOD  RANOE  AVERAGE  ROAD  ENERGY  MAX  ROAD 

SPEED  H/0  RON  W RGN  POWER 
SEC  Ml  MI/H  MM/MI  HP 

URB1  86409  22.355  0.9  202.3  97.6  50.6 

ENERGY  AND  EFFICIENCY  SUMMARY  FOR  RANGE  TRAVELED- 

MAJOR  SUBSYSTEM  LOSSES  AND  EFFICIENCIES- 


BATT  SYS 

MTR/CNT 

ORVTRN 

PWRTRN 

BRAKES 

RISC 

WM/MI 

234.8 

37.9 

30.3 

68.3 

34.6 

8.4 

PRCNT (PWRTRN) 

344.0 

55.6 

44.4 

100.0 

50.7 

12.3 

PRCNT (OVERALL) 

52.9 

8.6 

6.8 

15.4 

7.8 

1.9 

EFFICIENCY 

0.528 

0.881 

0.898 

0.793 

DMELL 


0.0 
0.0 
0.000 
0.0 
0.0 
0.000 
0.0 
0.0 

0.0  i 

0.0 
8.1 
1.8 


BATTERY  AND  CHARGER 

ENEROY POWER.  MX  FINAL  BATT 

OUT  IN  LOSS  OUT  IN  STATE  EFF 

m/m  m/m  prcnt  w/lb 

263  54  190  42.9  41.2  16.9  0.000  0.58 


— CHARGER 

LOSS  EFF 
m/m  PRCNT 

44  10.00  0.900 


COMPONENT  LOSS  BY  DRIVING  PHASEtWH/MI  AND  PERCENT  OF  OVERALL)- 


OVERALL. WH/MI 
EFFICIENCY 

TOTAL 

443.7 

0.298 

ACCEL 

CRUISE 

COAST 

BRAKE 

MOTOR 

37.9 

23.7 

2.3 

0.0 

11.9 

PERCENT 

8.6 

5.3 

0.5 

0.0 

2.7 

EFFICIENCY 

0.881 

0.893 

0.871 

0.000 

0.850 

TRANSMISSION 

30.3 

19.8 

1.7 

0.0 

8.8 

PERCENT 

6.8 

4.5 

0.4 

0.0 

2.0 

EFFICIENCY 

0.898 

0.899 

0.895 

0.000 

0.895 

AERO 

36.0 

14.8 

5.6 

0.0 

15.7 

PERCENT 

8.1 

3.3 

1.3 

0.0 

3.5 

TIRES 

61.6 

27.6 

7.6 

0.0 

26.4 

PERCENT 

13.9 

6.2 

1.7 

0.0 

6.0 

MISCELL AN 

6.4 

0.2 

0.0 

0.0 

0.1 

PERCENT 

1.9 

0.0 

0.0 

0.0 

0.0 
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TOTAL 
RANGE 
HI 

127.1 
100.9  * 

• - BASED  ON  LOWEST  DEPTH  OF  DISCHARGE  ( O. 794) WHICH  COULD 
SUSTAIN  THE  HA XI HUH  POWER  DENSITY  < 90.9  W/KU). 

EQUIVALENT  FUEL  CONSUMPTION  AND  ECONOHV  (GASOLINE)- 

SOURCE  OF  CONSUMPTION  ECONOMY 

PRIMARY  ENEROV  LIT/KM  KH/LIT  MI/GAL 

PETROLEUM  0.08002  12.3  29.4 

COAL  0.04627  21.6  30.6 

DO  YOU  WANT  THE  CAFE  VALUE  COMPUTED? 

> 

N 


ELECT  CONSM  ELECT  COST 

AT  HALL  (AT  10.0C/KWH) 

WH/MI  WH/M14T0N  C/Ml 

443.8  229.2  4.44 


INPUT  CHANGES  FOR  NEXT  RUN- 

> 

PARAHVAR 

INPUT  NAME  OF  PARAMETER.  INITIAL  VALUE.  FINAL  VALUE.  AND  NUM  STEPS 

> 

NAMCYC 

DO  YOU  WANT  A SUMMARY  OF  THE  URBAN  SUBSEGMENTS  (V  OR  N>? 

> 

N 

INPUT  NAME  AND  NUMBER  OF  CYCLES.  INPUT  END  WHEN  DONE. 

FOR  'PARK'  AND  'IDLE'  CYCLES.  INPUT  NAME  AND  PERIOD 

> 

FEDRAL  2 

> 

PARK  1.04HR 

> 

URB1  1 URB2  1 URB3  1 URB4  1 URBS  1 URB6  1 

> 

URB7  1 URBS  1 URB9  1 

> 

PARK  0.S7HR 

> 

URB1  1 UR82  1 

> 

PARK  6.63HR 

> 

URB3  1 URB4  1 URBS  1 URB6  1 URB7  1 URB8  1 URB9  1 URB10  1 URB11  1 

> 

URB12  1 URB13  1 URB14  1 URB13  1 URB16  1 URB17  1 

> 

PARK  1.6SHR 

> 
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FEDRAL  1 

> 

PARK  1 1.89HR 

> 

END 

> 

RUN 

INPUT  COMPLETE  FOR  THIS  CASE 

INPUT  A 1-78  CHARACTER  TITLE  FOR  THIS  CASE- 

> 


TEST  CASE  - 5 PAS  - NI-FE1.0  - 100MI.  DESIRED  RANGE  - ELECTRIC  - CYCLE  6 
DATE  4 -OCT— 64 

TINE  10118137 


ITERATION  NUMBER  1 NAMCVC  - FEDRAL 
KEY  PARAMETERS  (METRIC  UNITS) 


VEHICLE STRATEGY 


MB  NT  CDA 

489  1797  0.600 

TTIRE  PTIRE 
RADIAL  38.0 

ACLFAC  ACLRCS  FBRKS  NREGtN  EFFCN 
0.30  -0.67  0.30  2 0.000 

i<nnr,  ^ 

DRCOUP  ANALYT  N1-FE1.0  EV 

ITERATION 

NUMBER  2 

NAMCYC  - FEDRAL 

PARKING  FOR  1.040  HOURS 

ITERATION  NUMBER  1 

CONSISTING 

OF 

SUBSEOMENT 

1 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER  1 

CONSISTING 

OF 

SUBSEGMENT 

2 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER  1 

CONSISTING 

OF 

SUBSEOMENT 

3 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER  1 

CONSISTING 

OF 

SUBSEGMENT 

4 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER  1 

CONSISTING 

OF 

SUBSEOMENT 

9 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER  1 

CONSISTINO 

OF 

SUBSEGMENT 

6 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER  1 

CONSISTING 

OF 

SUBSEOMENT 

7 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION  NUMBER  1 

CONSISTING 

OF 

SUBSEOMENT 

8 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER  1 

CONSISTING 

OF 

SUBSEGMENT 

9 

OF 

THE 

URBAN 

SCHEDULE 

PARKING  FOR  0.870  HOURS 

ITERATION 

NUMBER  1 

CONSISTING 

OF 

SUBSEOMENT 

1 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER  1 

CONSISTINO 

OF 

SUBSEOMENT 

2 

OF 

THE 

URBAN 

SCHEDULE 

PARK I NO  FOR  6.830  HOURS 

ITERATION 

NUMBER  1 

CONSISTING 

OF 

SUBSEOMENT 

3 

OF 

THE 

URBAN 

SCHEDULE 

EFFCFW 

0.963 
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ITERATION 

NUMBER 

I 

CONSISTING 

OF 

SUBSEGMENT 

4 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER 

I 

CONSISTING 

OF 

SUBSEGMENT 

9 

Of 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER 

1 

CONSISTING 

OF 

SUBSEGMENT 

6 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER 

1 

CONSISTING 

OF 

SUBSEGMENT 

7 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER 

I 

CONSISTING 

OF 

SUBSEGMENT 

8 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER 

I 

CONSISTING 

OF 

SUBSEGMENT 

V 

Of 

THE 

URBAN 

SCHEDULE 

I TERATION 

NUMBER 

I 

CONSISTING 

OF 

SUBSEGMENT 

10 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER 

1 

CONSISTING 

OF 

SUBSEGMENT 

11 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER 

I 

CONSISTING 

OF 

SU8SEGMENT 

12 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER 

1 

CONSISTING 

OF 

SUBSEGMEN1 

13 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER 

I 

CONSISTING 

OF 

SUBSEGMENT 

14 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER 

1 

CONSISTING 

OF 

SUBSEGMENT 

19 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER 

I 

CONSISTINO 

OF 

SUBSEGMENT 

16 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUMBER 

1 

CONSISTING 

OF 

SUBSEGMENT 

17 

OF 

THE 

URBAN 

SCHEDULE 

PARKING  FOR  J.630  HOURS 
ITERATION  NUMBER  1 NANCY C • FEDRAL 
PARKING  FOR  11.890  HOURS 

SCHEDULE  PERIOD  RANOE  AVERAGE  ROAD  ENERGY  MAX  ROAD 

SPEED  U/O  RON  W RON  POWER 
SEC  HI  Hl/H  WH/HI  HP 

FEDRAL  S6389  34.393  1.4  204.9  99.0  90.6 

ENEROY  AND  EFFICIENCY  SUMMARY  FOR  RANOE  TRAVELED- 

MAJOR  SUBSYSTEM  LOSSES  AND  EFFICIENCIES- 


BATT  SYS 

MTR/CNT 

DRVTRN 

PWRTRN 

BRAKES 

MISC 

WH/MI 

234.3 

37.9 

30.6 

68.9 

34.8 

9.9 

PRCNT ( PWRTRN ) 

341.9 

99.3 

44.7 

100.0 

90.8 

e.o 

PRCNT< OVERALL) 

93.0 

8*6 

6.9 

19.9 

7.9 

1.2 

EFFICIENCY 

0.928 

0.682 

0.898 

0.794 

COHPONENT  LOSS  BY  DRIVINO  PHASE (WH/MI  AND  PERCENT  OF  OVERALL) 


TOTAL 

ACCEL 

OVERALL. WH/MI 

442. 1 

EFFICIENCY 

0.303 

MOTOR 

37.9 

23.7 

PERCENT 

8.6 

9.4 

EFFICIENCY 

0.882 

0.894 

TRANSMISSION 

30.  6 

20.0 

PERCENT 

6.9 

4.9 

EFFICIENCY 

0.898 

0.899 

AERO 

37.4 

19.3 

CRUISE 

COAST 

BRAKE 

DWELL 

2.4 

0.0 

11.9 

0.0 

0.9 

0.0 

2.7 

0.0 

0.873 

0.000 

0.891 

0.000 

1.7 

0.0 

8.9 

0.0 

0.4 

0.0 

2.0 

0.0 

0.896 

0.000 

0.899 

0.000 

9.8 

0.0 

16.2 

0.0 
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PERCENT 

8.9 

3.9 

1.3 

0.0 

3.7 

0.0 

TIRES 

61.6 

27.7 

7.6 

0.0 

26.4 

0.0 

PERCENT 

13.9 

6.3 

1.7 

0.0 

6.0 

0.0 

NISCELLAN 

9.9 

0.2 

0.0 

0.0 

0.1 

9.1 

PERCENT 

1.2 

0.0 

0.0 

0.0 

0.0 

1.2 

' NlTBnV  1 

Pf  * HA 

r I NnL  DN  1 1 

OUT  IN 

LOSS 

OUT 

IN 

STATE  EFF 

LOSS 

EFF 

WH/M1 

WH/MI 

PRCNT 

W/LB 

WH/MI  PRCNT 

262  99 

190 

43.0  41.2 

16.9 

0.000  0.98 

44  10.00 

0.900 

TOTAL 

ELECT  CONSM 

ELECT  COST 

RANOE 

AT 

WALL 

(AT  10. OC/KWH) 

MI 

WH/MI 

WH/MI* TON 

C/Ml 

126.9  442*2  229*3  4.42 

100.4  * 


• - BASED  ON  LOWEST  DEPTH  OF  DISCHARGE  < 0.794) WHICH  COULD 
SUSTAIN  THE  MAXIMUM  POWER  DENSITY  ( 90.9  W/KQ). 

EQUIVALENT  FUEL  CONSUMPTION  AND  ECONOMY  (OASOLINE)- 

SOURCE  OF  CONSUMPTION  ECONOMY 

PRIMARY  ENEROY  LIT/KM  KM/LIT  Ml/OAL 

PETROLEUM  0.07962  12.6  29.9 

COAL  0.04603  21.7  91.1 

DO  YOU  WANT  THE  CAFE  VALUE  COMPUTED? 

> 

N 


INPUT  CHANGES  FOR  NEXT  RUN- 

> 

PARAMVAR 

INPUT  NAME  OF  PARAMETER.  INITIAL  VALUE.  FINAL  VALUE.  AND  NUN  STEPS- 

> 

NAHCYC 

DU  YOU  WANT  A SUMMARY  OF  THE  URBAN  SUBSEGMENTS  (Y  OR  N>? 

> 

N 

INPUT  NAME  AND  NUMBER  OF  CYCLES.  INPUT  END  WHEN  DONE. 

FUR  'PARK'  AND  'IDLE'  CYCLES.  INPUT  NAME  AND  PERIOD 

> 

FEDRAL  2 

> 

PARK  4.97HR 

> 

URB1  1 

> 

PARK  0.60HR 

> 

FEDRAL  2 
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> 

PARK  2.97HR 

> 

FEDRAL  I 

> 

PARK  1.38HR 

> 

FEORAL  t 

> 

PARK  12.99HR 

> 

END 

> 

RUN 

INPUT  COMPLETE  FOR  THIS  CASE 

INPUT  A I -78  CHARACTER  TITLE  FOR  THIS  CASE- 

> 


TEST  CASE  - 9 PAS  - N1-FE1.0  - 100HI.  OESIRED  RANGE  - ELECTRIC  - CYCLE 
DATE  4 -OCT -84 

TINE  11144140 


ITERATION  NUMBER  1 NANCY C - FEORAL 
KEY  PARAMETERS  (METRIC  UNIT8> 

VEHICLE — -STRATEOV— — 

WB  NT  COA  TTIRE  PTIRE  ACL  P AC  ACLRCS  FORKS  NREOEN  EKFCH 

489  1797  0.400  RADIAL  38.0  0.90  -0.67  0.30  2 0.000 

DRCOUP  ANAL YTM°Nl^fE 1.0  EV 

DERATION  NUMBER  2 NAMCYC  • FEORAL 
PARKINO  FOR  4.970  HOURS 

ITERATION  NUMBER  1 C0NSI8TIN0  OF  SUB8E0HENT  1 OF  THE  URBAN  SCHEDULE 
PARKINO  FOR  0.600  HOURS 
ITERATION  NUMBER  1 NAMCYC  - FEORAL 
ITERATION  NUMBER  2 NAMCYC  - FEORAL 
PARKINO  FOR  2.970  HOURS 
ITERATION  NUMBER  1 NAMCYC  • FEORAL 
PARKINO  FOR  1.380  NUUK'S 
DERATION  NUMBER  1 NAMCYC  - FEORAL 
PARKINO  FOR  12.990  HOURS 
SCHEDULE  PER I 00  RANOE 
SEC  MI 


AVERAOE  ROAD  ENERGY  MAX  ROAD 
SPEED  M/0  RON  M RON  POWER 

mi/h  m/m  hp 


EFFCFW 

0.989 
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97.4 


90.6 


MORAL  86401  49.376  1.9  202.2 


ENEROY  AMO  EFFICIENCY  SUNNARY  FOR  RANGE  TRAVELED* 


MAJOR  SUBSYSTEM  LOSSES  AND  EFF ICIENC1E8- 

SATT  SYS  MTR/CNT  DRVTRN 

PWRTRN 

BRAKES 

RISC 

WH/MI 

230.8 

37.9 

30.3 

68.2 

34.6 

4.1 

PRCNT(PWRTRN) 

338.2 

99.6 

44.4 

100.0 

90.7 

6.1 

PRCNT (OVERALL) 

93.0 

8.7 

7.0 

19.7 

8.0 

1.0 

EFFICIENCY 

0.928 

0.881 

0.898 

0.793 

COMPONENT  LOSS  SV  DRIVING  PHASE* MH/ HI  AND  PERCENT  OF  OVERALL! 


OVERALL. WH/MI 
EFFICIENCY 

TOTAL 

439.2 

0.303 

ACCEL 

CRUISE 

COAST 

BRAKE 

DWELL 

MOTOR 

37.9 

23.7 

2.3 

0.0 

11.9 

0.0 

PERCENT 

8.7 

9.9 

0.9 

0.0 

2.  7 

0.0 

EFFICIENCY 

0.881 

0.893 

0.871 

0.000 

0.890 

0.000 

TRANSMISSION 

30.3 

19.9 

1.7 

0.0 

9.8 

0.0 

PERCENT 

7.0 

4.6 

0.4 

0.0 

2.0 

0.0 

EFFICIENCY 

0.898 

0.899 

0.899 

0.000 

0.899 

0.000 

AERO 

39.8 

14.7 

9.9 

0.0 

19.6 

0.0 

PERCENT 

8.2 

3.4 

1.3 

0.0 

3.6 

0.0 

TIRES 

61.6 

27.7 

7.9 

0.0 

26.4 

0.0 

PERCENT 

14.2 

6.4 

1.7 

0.0 

6. 1 

0.0 

MISCELLAN 

4.1 

0.2 

0.0 

0.0 

0. 1 

3.8 

PERCENT 

1.0 

0.0 

0.0 

0.0 

0.0 

0.9 

•BATTERY  AND  CMAROER — 


—ENEROY- 

POWER. MX 

FINAL 

BATT 

— CHARGER 

OUT 

IN 

LQ8S 

OUT 

IN 

STATE 

EFF 

L088  EFF 

WH/MI 

WH/MI 

PRCNT 

W/L8 

WH/MI  PRCNT 

299 

94 

187 

43.0 

41.2 

16.9 

0.000 

0.98 

44  10.00  0.900 

TOTAL 

ELECT  CONSM 

ELECT  COST 

RANGE 

AT  WALL 

tAT  10.0C/KWH) 

Ml  MH/M1  WH/MI «TON  C/Hl 

129.4  439.3  224.8  4.39 

102.7  • 

• - BASED  ON  LOWEST  DEPTH  OF  DISCHARGE  ( 0.794) WHICH  COULD 
SUS1AIN  THE  HA XI HUN  POWER  DENSITY  < 90.9  W/KO). 

EQUIVALENT  FUEL  CONSUMPTION  AND  ECONOMY  (OASOLINE)- 

80URCE  OF  CONSUMPTION  ECONOMY 

PRIMARY  ENEROY  LIT/KM  KH/LIT  MI/OAL 

PETROLEUM  0.07831  12.8  30.0 

COAL  0.04928  22.1  91.9 

DO  VUU  WANT  THE  CAFE  VALUE  COMPUTED? 

> 

N 
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INPUT  CHANOES  FOR  NEXT  RUN- 

> 

INPUT  NAME  OF  PARAMETER.  INITIAL  VALUE.  FINAL  VALUE.  AND  NUN  STEPS- 

> 

NANCYC 

DO  YOU  WANT  A SUMMARY  OF  THE  URSAN  SUSSEOMENTS  (Y  OR  N)? 

> 

N 

INPUT  NAME  AN*  NUNUER  OF  CYCLES.  INPUT  END  WHEN  DONE. 

FOR  'PARK'  AND  'IDLE'  CYCLES*  INPUT  NAME  AND  PERIOD 

> 

Ft ORAL  2 

> 

PARK  0.C2HR 

> 

FEDRAL  2 

> 

PARK  0.19HR 

> 

FEORAL  2 

> 

PARK  3.73MR 

> 

URSI  1 URN2  1 

> 

PARK  0.21 AHA 

> 

URS3  1 URS4  I URBS  t IJRS4  1 URW7  1 URSS  1 URSA  1 URS10  I URDU  1 

> 

URSI 2 I URS1S  1 URDU  I URSI 9 I URSI  6 1 URSI 7 1 

> 

PARK  16.42HR 

> 

END 

> 

RUN 

INPUT  COMPLETE  FOR  THIS  CASE 

INPUT  A 1-7*  CHARACTER  TITLE  FOR  THIS  CASE- 

> 


TEST  CASE  - 9 PAS  - NI-FCl.O  - I00M1.  DESIRED  RANOE  - ELECTRIC  - CYCLE  0 
DATE  4-0CT-04 
TIME  11I96U2 


ITERATION  NUMBER  1 NANCYC  - FEORAL 
KEY  PARAMETERS  (METRIC  UNITS) 

VEHICLE STRATEOV 

we  MT  COA  TTIRL  PTIRE  ACLFAC  ACLRCS  F9RKS  NREOEN  EFFCM  EFFCFW 

407  1797  0.600  RADIAL  30.0  0.90  -0.67  0.30  2 0.000  0.969 

MOOELS 

ORCOUP  ANALYT  NI-FEl.O  EV 


M-59 


J Town  ON  NUMBER  2 MRMCVC  • FEURAL 


PARKING  FOR  0.020  HOURS 
ITERATION  NUHSCR  I NAMCVC  - FLORAL 
ITERATION  NUHSCR  2 NRHCVC  • F1DRAL 
FRRK1N0  FOR  O. 190  HOURS 
ITERATION  NUHSCR  1 NRHCVC  - FCORAL 
1 TCRATION  NUHSCR  2 NRHCVC  - FCORRL 
PARKING  FOR  3.720  HOURS 


ITERATION  NUHSCR 

1 

CONSISTING 

OF 

8UMSC0HENT 

1 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION  NUHSCR 

1 

CONSISTING 

OF 

SUBSEGMENT 

2 

OF 

THE 

URBAN 

SCHEDULE 

PARK  1W0  FOR  0.2U  HOURS 

ITERATION 

NUHSCR 

1 

CONS 1ST I NO 

OF 

SUSSCQHENT 

3 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUHSCR 

I 

CONSISTING 

OF 

SUSSC GHENT 

4 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUHSCR 

I 

CONSISTING 

OF 

SUSSCOHENT 

9 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUHSCR 

1 

C0NS1ST1N0 

OF 

SUMCQHCNT 

4 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUHSCR 

I 

CONSISTING 

OF 

sum  GHENT 

7 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUHSCR 

1 

CONSIST  INO 

OF 

SUMCOHENT 

t 

OF 

THE 

URBAN 

SCHEDULE 

2m 

i 

i 

NUHSCR 

1 

CONSIST!  NO 

OF 

SUMCOHENT 

9 

OF 

THE 

URBAN 

SCHEDULE 

1 TCRATION 

NUHSCR 

1 

CONSIST INO 

OF 

SUMCOHENT 

10 

OF 

THE 

URBAN 

SCHEDULE 

I TCRATION 

NUHSCR 

1 

CONSISTINO 

OF 

SUMCOHCNT 

It 

CF 

im 

URBAN 

SCHEDULE 

ITERATION 

NUHSCR 

1 

CONSISTING 

OF 

SUMCOHENT 

12 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUHSCR 

I 

CONSISTINO 

OF 

SUMCOHCNT 

13 

OF 

THE 

URBAN 

SCHEDULE 

2 TCRATION 

NUHSCR 

» 

CONSISTINO 

OF 

SUMCOHCNT 

14 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUHSCR 

I 

CONSISTINO 

OF 

SUMCOHCNT 

19 

OF 

THE 

UNBAN 

SCHEDULE 

ITERATION 

NUHSCR 

1 

CONSISTINO 

OF 

SUMEONENT 

14 

OF 

THE 

URBAN 

SCHEDULE 

ITERATION 

NUHSCR 

1 

CONSISTINO 

OF 

I 

! 

17 

OF 

THE 

URBAN 

SCHEDULE 

FRRKINO  FOR  14.420  HOURS 

SCHCOULC  FCRIOO  HANOI  AUCRAOC  RORO  CNCROV  HR*  RORO 

SPEED  M/0  RON  M RON  POWER 
SCC  HI  Hl/H  WM/HI  HP 

FCORRL  0440*  92.197  2.2  202.3  07.4  90.4 


CNCROV  AMO  EFFICIENCY  SUMMARY  FOR  HANOI  TRAVELED* 


MAJOR  SUBSYSTEM  LOSSES  AMO  EFF 1C1ENC1ES- 


BAIT  SYS 

MTR/CNT 

ONVTRN 

PMRTRN 

BRAKES 

MlSC 

MM/MI 

230.9 

37.9 

30.3 

68.3 

34.6 

3.6 

PRCNT 1 PMRTRN  > 

337.9 

99.6 

44.4 

100.0 

90.7 

9.3 

PRCNTC OVERALL) 
EFFICIENCY 

93.0 

0.92S 

8.7 

0.881 

7.0 

0.898 

19.7 

0.793 

8.0 

0.8 

COMPONENT  L08S  BY  DRIV1NO  PHASE (MH/MI  AND  PERCENT  OF  OVERALL ) - 


OVERALL. MM/MI 
EFFICIENCY 

TOTAL 

434.9 

0.304 

ACCEL 

CRUISE 

COAST 

BRAKE 

DMELL 

MOTOR 

37.9 

23.7 

2.3 

0.0 

11.9 

0.0 

PERCENT 

8.7 

9.9 

0.9 

0.0 

2.7 

0.0 

EFFICIENCY 

0.881 

0.893 

0.871 

0.000 

0.690 

0.000 

TRANSMISSION 

30.3 

19  8 

1.7 

0.0 

8.8 

0.0 

PERCENT 

7.0 

4.6 

0.4 

0.0 

2.0 

0.0 

EFFICIENCY 

0.898 

0.899 

0.899 

0.000 

0.899 

0.000 

AERO 

36.0 

14.8 

9.6 

0.0 

19.7 

0.0 

PERCENT 

8.3 

3.4 

1.3 

0.0 

3.6 

0.0 

TIRES 

61.6 

27.6 

7.6 

0.0 

26.9 

0.0 

PERCENT 

14.2 

6.3 

1.7 

0.0 

6.1 

0.0 

MISCELL AN 

3.6 

0.2 

0.0 

0.0 

0.1 

3.3 

PERCENT 

0.8 

0.0 

0.0 

0.0 

0.0 

0.8 

•BATTERY  AMO  CHARGER 


E* 

CROV 

POMER. MX 

FINAL 

BATT 

OUT  IN 

LOSS 

OUT  IN 

STATE 

EFF 

LOSS  EFF 

MH/MI 

MH/MI  PRCNT 

M/LB 

MH/MI  PRCNT 

298  94 

187  43.0 

41.2  16.9 

0.000 

0.98 

43  10.00  0.900 

TOTAL  ELECT  CONSM  ELECT  COST 

RANOE  AT  MALL  CAT  10.0C/KMH) 

MI  MH/MI  HH/HIOTON  C/Ml 

129.4  434.7  224.9  4.39 

102.7  # 

» - BASED  ON  LOMEST  DEPTH  OP  D1SCHAR0E  < 0. 794  >MHICH  COULD 
SUSTAIN  THE  MAXIMUM  POMER  DENSITY  ( 90.9  M/KO). 

EQUIVALENT  FUEL  CONSUMPTION  AND  ECONOMY  < GASOLINE )- 

SOURCE  OF  CONSUMPTION  ECONOMY 
PRIMARY  ENEROY  LIT/KM  KM/LIT  Ml/OAL 

PETROLEUM  0.07819  12.8  30.1 

COAL  0.04921  22.1  92.0 

DO  YOU  MANT  THE  CAFE  VALUE  COMPUTED? 

> 

N 


INPUT  CHANGES  FOR  NEXT  RUN- 


M-61 


> 

PARAMVAR 

INPUT  NAME  OF  PARAMETER.  INITIAL  VALUE.  FINAL  VALUE.  AND  NUN  STEPS- 

> 

NAHCYC 

OO  YOU  WANT  A SUMMARY  OF  THE  URBAN  SUBSEGMENTS  <Y  OR  N>? 

> 

N 

INPUT  NAME  AND  NUMBER  OF  CYCLES.  INPUT  END  WHEN  DONE. 

FOR  "PARK'  AND  ' IDLE"  CYCLES*  INPUT  NAME  AND  PERIOD 

> 

MI WAY  4 

> 

PARK  7.04HR 

> 

FEDRAL  i 

> 

HIMAY  1 

> 

FEDRAL  i 

> 

PARK  0.66HR 

> 

FEDRAL  1 

> 

PARK  14.09HR 

> 

END 

> 

RUN 

INPUT  COMPLETE  FOR  THIS  CASE 

INPUT  A 1-78  CHARACTER  TITLE  FOR  THIS  CASE- 

> 


TEST  CASE  - 9 PAS  - NI-FE1.0  - 100MI.  DESIRED  RANGE  - ELECTRIC  - CYCLE  9 
DATE  4 -OCT -94 

TIME  12102*45 


ITERATION  NUMBER  1 NAHCYC  - HIMAY 
HIWAY  SCHDDATA  NOT  CURRENTLY  IN  CORE 

SEARCHING  BULK DATA  FILE  FOR  IT. 

HIWAY  CYCLE.  766  VALUES  READ. 

KEY  PARAMETERS  (METRIC  UNITS) 

VEHICLE STRATEGY 

MB  WT  CDA  TTIRE  PTIRE  ACL FAC  ACLRCS  FORKS  NREGEN  EFFCH  EFFCFW 

489  1797  0.600  RADIAL  38.0  0.50  -0.67  0.30  2 0.000  0.985 


MODELS 

DRCOUP  ANALYT  NI-FE1.0 

ITERATION  NUMBER  2 NAHCYC 

ITERATION  NUMBER  3 NAHCYC 

ITERATION  NUMBER  4 NAHCYC 


EV 

■ HIMAY 
• HIMAY 
« HIMAY 


M-62 


PARK I NO  FOR  7.040  HOURS 

ITERATION  NUMBER  1 NANCYC  - FEDRAL 
FEURAL  SCHUOATA  NOT  CURRENTLY  IN  CORE 
SEARCHING  BULK DAT A FILE  FOR  IT. 

FEDRAL  CYCLE.  1372  VALUES  READ. 

ITERATION  NUMBER  1 NANCVC  ■ HI MAY 
HIMAY  SCHDDATA  NOT  CURRENTLY  IN  CORE 

SEARCHING  BULK DAT A FILE  FOR  IT. 

HI  HAY  CYCLE.  766  VALUES  READ. 

ITERATIUN  NUMBER  1 NANCYC  - FEDRAL 
FEDRAL  SCHDDATA  NOT  CURRENTLY  IN  CORE 
SEARCHING  BULK DATA  FILE  FOR  IT. 

FEDRAL  CYCLE.  1372  VALUES  READ. 

PARKING  FOR  0.660  HOURS 

ITERATION  NUMBER  1 NANCVC  - FEDRAL 

PARKINO  FOR  14.090  HOURS 

SCHEDULE  PERIOD  RANOE  AVERAGE  ROAO  ENERGY  MAX  ROAO 

SPEED  W/0  RON  W RON  POWER 
SEC  HI  MI/H  WH/HI  HP 

HIMAY  06382  73.639  3.1  101.2  132.6  90.6 

ENERGY  AND  EFFICIENCY  SUMMARY  FOR  RANOE  TRAVELED* 

MAJOR  SUBSYSTEM  LOSSES  AND  EFFICIENCIES- 


BATT  SYS 

HTR/CNT 

ORVTRN 

PMRTRN 

BRAKES 

MI  SC 

WH/HI 

209.9 

27.0 

23.8 

90.8 

19.8 

2.9 

PRCNT ( PMRTRN ) 

404.6 

93.1 

46.9 

100.0 

31.1 

9.0 

PRCNT (OVERALL) 

90.9 

6.6 

9.8 

12.9 

3.9 

0.6 

EFFICIENCY 

0.929 

0.894 

0.899 

0.808 

CONPONENT  LOSS  BY  DR I VI NO  PHASE (MM/ MI  AND  PERCENT  OF  OVERALL)* 
TOTAL  ACCEL  CRUISE  COAST  BRAKE 
OVERALL. MH/MI  407.2 

EFFICIENCY  0.364 

MOTOR  27.0  19.9  3.4  0.0  6.1 

PERCENT  6.6  3.8  0.8  0.0  2.0 

EFFICIENCY  0.894  0.906  0.889  0.000  0.864 

TRANSMISSION  23.8  19.1  2.7  0.0  6.1 

PERCENT  9.8  3.7  0.7  0.0  1.9 

EFFICIENCY  0.899  0.900  0.899  0.000  0.896 

AERO  70.1  28.4  13.9  0.0  28.2 

PERCENT  17.2  7.0  3.3  0.0  6.9 

TIRES  62.9  27.1  10.2  0.0  29.1 

PERCENT  IS. 3 6.7  2.9  0.0  6.2 

NISCELLAN  2,9  0.1  0.0  0.0  0.1 

PERCENT  0.6  0.0  0.0  0.0  0.0 

BATTERY  AND  CHARGER 

ENERGY POWER. MX  FINAL  BATT  CHARGER 

OUT  IN  LOSS  OUT  IN  STATE  EFF  LOSS  EFF 

MH/MI  WH/HI  PRCNT  W/LB  MM/MI  PRC NT 

227  26  169  40.9  41.2  24.3  0.000  0.58  41  10.00  0.900 


) 


DWELL 


0.0 

0.0 

0.000 

0.0 

0.0 

0.000 

0.0 

0.0 

0.0 

0.0 

2.3 

0.6 
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TOTAL 

ELECT  CONSM 

ELECT  COST 

RANGE 

AT  NALL 

(AT  lO.OC/KWH) 

MI 

WH/MI  WH/MI«TON 

C/MI 

134.4 

407.2  210.3 

4.07 

106.7  # 

• - BASED  ON 

LOWEST  DEPTH  OF  DISCHARGE 

( 0. 794IWHICH  COULD 

SUSTAIN 

THE 

MAXIMUM  POWER 

DENSITY  ( 

90.9  W/KG). 

EQUIVALENT  FUEL 

CONSUMPTION  AND  ECONOMY 

(GASOLINE)- 

SOURCE  OF 

CONSUMPTION 

ECONOMY 

PRIMARY  ENERGY 

LIT/KM 

KM/LIT  Ml/OAL 

PETROLEUM 

0.07724 

12.  9 

30.4 

COAL 

0.04466 

22.4 

52.7 

DO  YOU  WANT 

THE 

CAFE  VALUE  COMPUTED? 

> 

N 


INPUT  CHANGES  FOR  NEXT  RUN- 

> 

PARAMVAR 

INPUT  NAME  OF  PARAMETER.  INITIAL  VALUE.  FINAL  VALUE.  AND  NUM  STEPS' 

> 

NAMCYC 

DO  YOU  WANT  A SUMMARY  OF  THE  URBAN  SUBSEGMENTS  < Y OR  N>? 

> 

N 

INPUT  NAME  AND  NUMBER  OF  CYCLES.  INPUT  END  WHEN  DONE. 

FOR  'PARK'  AND  'IDLE'  CYCLES.  INPUT  NAME  AND  PERIOD 

> 

HIWAY  4 

> 

PARK  6.9HR 

> 

FLORAL  I 

> 

HIWAY  4 

> 

FEDRAL  I 

> 

PARK  19.04HR 

> 

END 

> 

RUN 

INPUT  COMPLETE  FOR  THIS  CASE 

INPUT  A 1-/8  CHARACIER  T11LE  FOR  THIS  CASE- 


M-64 


TEST  CASE  - 5 PAS  - N1-FE1.0  - 100MI.  DESIRED  RANGE  - ELECTRIC  - CYCLE  10 
DATE  4 -OCT-64 

TINE  12106107 


ITERATION  NUMBER  I NANCYC  ■ HI MAY 

HI  NAY  SCHODATA  NOT  CURRENTLY  IN  CORE 

SEARCHINO  BULK DATA  RILE  FOR  IT. 

HI WAY  CYCLE.  766  VALUES  READ. 

KEY  PARAMETERS  (METRIC  UNITS) 

VEHICLE STRATEGY 

WB  WT  CDA  TTIRE  PURE  ACL  FAC  ACLRCS  FBRKS  NREOEN  EFFCM  EFFCFW 

48V  1737  0.600  RADIAL  38.0  0.30  -0.67  0.30  2 0.000  0.383 

models — — — 

ORCOUP  ANALYT  NI-FE1.0  EV 

ITERATION  NUMBER  2 NAMCYC  ■ HIWAY 

ITERATION  NUMBER  3 NAMCYC  • HIWAY 

ITERATION  NUMBER  4 NAMCYC  - HIWAY 

PARK I NO  FOR  6.300  HOURS 

ITERATION  NUMBER  I NAMCYC  ■ FEDRAL 
FEORAL  SCHODATA  NOT  CURRENTLY  IN  CORE 
SEARCHINO  BULK DAT A FILE  FOR  IT. 

FEDRAL  CYCLE.  1372  VALUES  READ. 

ITERATION  NUMBER  1 NAMCYC  * HIWAY 
HIWAY  SCHODATA  NOT  CURRENTLY  IN  CORE 

SEARCHINO  BULKDATA  FILE  FOR  IT. 

HIWAY  CYCLE.  766  VALUES  READ. 


ITERATION  NUMBER  2 NAMCYC  - HIWAY 
ITERATION  NUMBER  3 NAMCYC  ■ HIWAY 


ITERATION  NUMBER  4 NANCYC  - HIWAY 

ITERATION  NUMBER  1 NAMCYC  • FEORAL 
FEDRAL  SCHODATA  NOT  CURRENTLY  IN  CORE 
SEARCHINO  BULKDATA  FILE  FOR  IT. 

FEDRAL  CYCLE.  1372  Vfti.UES  READ. 


PARKINO  FOR  13.040  HOURS 


SCHEDULE  PERIOD  RANOE 
SEC  MI 

HIWAY  86406  96.934 


AVERAOE  ROAD  ENERGY  MAX  ROAD 
SPEED  W/O  RON  W RON  POWER 
MI /H  WM/MI  HP 

4.0  176.7  140.1  30.6 


ENEROY  AND  EFFICIENCY  SUMMARY  FOR  RANOE  TRAVELED- 


MAJOR  SUBSYSTEM  LOSSES  AND 
BATT  SYS 

WM/MI  1V9.7 


EFFICIENCIES- 
MTR/CNT  DRVTRN 
24.6  22.4 


PWRTRN 

47.0 


BRAKES 

11.8 


MI  SC 
1.9 


M-65 


PRCNT ( PWRTRN  > 
PRCNTC OVERALL) 
EFFICIENCY 

424.8 

49.9 

0.929 

92.4 
6. 1 
0.898 

47.6 
55#  6 
0.699 

100.0 

11.7 

0.811 

29.0 

2.9 

4.1 

0.9 

COMPONENT  LOSS  BY  DRIVING  PHASE (WH /MI  AND  PERCENT  OF 

OVERALL)- 

OVERALL. WM/MI 
EFFICIENCY 

TOTAL 

400.9 

0.379 

ACCEL 

CRUISE 

COAST 

BRAKE 

DWELL 

MOTOR 

24.6 

13.7 

3.6 

0.0 

7.2 

0.0 

PERCENT 

6.  1 

3.4 

0.9 

0.0 

1.8 

0.0 

EFFICIENCY 

0.898 

0.911 

0.887 

0.000 

0.868 

0.000 

TRANSMISSION 

22.4 

14.0 

2.9 

0.0 

9.9 

0.0 

PERCENT 

9.6 

3.9 

0.7 

0.0 

1.4 

0.0 

EFFICIENCY 

0.899 

0.900 

0.899 

0.000 

0.897 

0.000 

AERO 

77.9 

31.4 

19.2 

0.0 

30.  r 

0.0 

PERCENT 

19.3 

7.8 

3.8 

0.0 

7.7 

0.0 

TIRES 

62.6 

27.0 

10.8 

0.0 

24.8 

0.0 

PERCENT 

19.6 

6.7 

2.7 

0.0 

6.2 

0.0 

MISCELLAN 

1.9 

0.1 

0.0 

0.0 

0.1 

1.7 

PERCENT 

0.9 

0.0 

•BATTERY  AND 

0.0 

CHAROER 

0.0 

0.0 

0.4 

— — — 

ENEROY 

POWER. MX 

FINAL 

BATT 

CHAROER 

OUT 

IN 

LOSS 

OUT 

IN 

STATE 

EFF 

LOSS  EFF 

wh/mi 

WH/MI  PRCNT 

W/LB 

WH/MI  PRCNT 

220 

20 

160  39.9 

41.2 

24.3 

0.000 

0.98 

40  10.00  0.900 

TOTAL  ELECT  CONSH  ELECT  COST 

RANGE  AT  WALL  (AT  10.0C/KWH) 

MI  WH/MI  WH/MI#TON  C/HI 

139.7  400.9  206.8  4.01 

107.7  * 

« - BASED  ON  LOWEST  DEPTH  OF  DISCHARGE  ( 0. 794) WHICH  COULD 
SUSTAIN  THE  MAXIMUM  POWER  DENSITY  < 90.9  W/KO>. 

EQUIVALENT  FUEL  CONSUMPTION  AND  ECONOMY  (0AS0L1NE)- 

SOURCE  OF  CONSUMPTION  ECONOMY 

PRIMARY  ENEROY  LIT/KM  KM/LIT  MI/OAL 

PETROLEUM  0.07689  13.0  30.6 

COAL  0.04449  22.9  92.9 

DO  YOU  WANT  THE  CAFE  VALUE  COMPUTED? 

> 

N 


INPUT  CHANGES  FOR  NEXT  RUN- 

> 

QUIT 

GRCUSER  Job  tormlnttod  at  4-0CT-1984  12» 14196.78 


Accounting  lnforMtloni 
Buffered  I/O  counti  11S 

Dlroct  I/O  counti  1963 

PtM  fOUltSl  1290 

El 4ROOd  CPU  tlmoi  O 00109(46.38 


Peok  worklno  tot  lltd  929 
Po«k  poo#  Eli#  »lz#i  493 

Mount#d  votuneai  O 

Elonood  tlpoi  O 0200(98.90 
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(AVENERGY  OUTPUT  REPORT) 


I 


brmuc  m Him  mat  am  m. 

nsr  uk  - s m - m-ri.i  - mm.  kmu  me  - asciwc  khhm 


Mnoistici  

GMCIMl  1*20.1*  a 
VEHICLE  MIGHT  . Mil  1 79*. It 
LIHi  13234X7  Ml 

itnar  - 

mm  ft  inn  M.it t*  a 

afawcirr  cotn  ,«  vwhi 

amm  nuir  of  dikmmei 

miNTBMNZ  MOM  1 

TMGMMM  TWf  i tVT 
min  - 

mid  7WBM  44.I72H  Ml 

CnMUEJR  17.17201  Ml 


1702 

«L  WIBKSTMli  10 1 
MIMU  Ml  WOE  WUfi  10  X 

mason  ran  » 200 

rnici  m-fci.i 


“""isatai 


790 

10 


MOM.  UR  OKI  7*30.  (33  MHI 


miiMi 

.17/37*9 

WIM  OF  A KM  OHOMKEi 


TWCt 


mown  iXQi.9f  m/im 


cotr  ite»- 

mic  vwicu  coir 

mrarai 

CWtMUnCMT 

rmwiisiw  am 


MET 


INITIAL  COOT  UN 


• CAM 
477X/7  5. Ml 
Ml.  10  0.439 
221X44  1.4/2 
947.40  0.419 
92*4.70  X7/7 


19709.40  4.371 


19M.IM  11.102  HIGH! *300. 90  1X379 
3171.70  X370  HIM  3274.12  2.479 


(AVCOST  OUTPUT  REPORT) 


OEMOH'T  mm  UN 
ICMI0S  t MINIENNCE 
fta*ewr  rues 
iKwna 

0NM61W.MK.  7QU 
TITLE,  ft*.  UC.  UN. 
BJtmicm 

mo  * im  in 


92*4. /0  X777  MON  970X40  4.371 
2334.27  1.797 
347.94  0.244 
3477.00  X420 
70X  90  0.971 

772.77  0.790  HIM  1017.03  0.770 
1004.22  1.343 

13l07,fl  7.9*9  H1M3104.44  7.700 


CTtmnw  cost  in 


27407.22  20.717  MKKW27.il  71.232 


MUOEMMCMJI  100  3297.14  X7/2  Min  9724.40  4.304 

MiisnrsftMft  m 1/7.49  *.134  iun  177.49  0.134 


ran.  me  cra£  coir  inmzxti  17.300  nkktoom.oo  11.29/ 
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LISTING 
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ORIGINAL  PAGE  IS 
Of  POOR  QUALITY 


IO  KfcV  OMULS 
20  '*#•****#*# 


30 

40 

30 

60 

70 

MO 


••  AVSIZING  •* 

SIZES  A PRELIMINARY  VEHICLE  TARGETED  (0  A DF.SIKED  KANoE. 


90  ' 

100  ' 

110  PAINT  TAN (24) "WELCOME  TO  THE  AVSIZING  PROGRAM" 

120  PAINT  l PAINT 

130  DIM  CON<  6) «U4<20) .CY4< 12) . P£9(4 ) <CH(3) < BAT  NX  4) • DOM < 30) • RAN (30) 

140  ERRURFX-0 
130  - 

160  REM  PROMPT  PUT  THE  INPUT  DATA 

170  ' 

1 BO  PAINT  "DO  YOU  WISH  TO  RUN  «M 

190  PAINT  " 1.  NEW  VEHICLE  USING  AN  URBAN  OK  HIGHWAY  CYCLE?"  < PAINT  " 2.  PA 

fcVlOGS  VEHICLE  USING  A 24.  HR  CYCLE?"  I PAINT  " 3.  REDESIGN  OF  VEHICLE  BY  CHAN 

OINO  THE  BMP?" 

200  INPUT  “ ENTER  TYPE  OF  RUN  <1.2.  OH  3)  I " , TORX 

210  IF  TORXOl  AND  T0RXO2  AND  T0RXO3  THEN  200 

220  ■' 

230  REM  OPEN  FILE  VEH1CLE.DAT 

240  ' 


230  IF  TORX-1  THEN  370 

260  OPEN  "VEHICLE. OAT"  FOR  INPUT  A3  42 

270  1NP0T42.  1LE*.  CAPX.  VEHX.  1CWT.  ORAN.  NUMX.  SNUMX.  CUA.  CNUMX.  WIFI . BMF2. 
PIOAX 

280  CLOSE  #2 

290  IF  T0RX*2  THEN  1000 

300  '• 

310  ' 

320  PRINT  I PAINT 

330  PRINT  " ENTER  A VALUE  BETWEEN" I BMF1 ( " AND  0.43" 

340  PRINT  I PRINT 

330  INPUT  "ENTER  BMP  l " . BMP  IN 

360  GOTO  10O0 

3/0  ' 


380 

jyu 

400 

410 

420 

430 

440 

430 

460 

4/0 

4WU 

4VU 

300 

310 

320 

330 

340 

330 

360 

3/0 

3M0 


REM  BEI  RUN  FLAU  TO  ZERO.  (FIRST  RUN) 

NFX-O 

PRINT  l PRINT 

PRINT  "ENTER  TITLE  OF  RUN(  67  CHARACTERS  OR  LESS  - DO  NOT  USE  COMMAS  )" 

INPUT  "TITLE  I TLEB 

PRINT 

PRINT  "VEHICLE  CAPACITY" 

PRINT  SIRINU4(14.196> 

PRINI  "2.4.3  OR  6 PASSENGERS" 

PRINI  "IF  THE  VEHICLE  IS  A VAN  THEN  SET  CAPACITY  EQUAL  TO  6" 

INPUT  "ENTER  VEHICLE  CAPACI I Y < PASSENGERS > I " . CAPX 

REM  IF  INVALID  NUMBER  OF  PASSENGERS  THEN  TRY  AGAIN 

IP  CAPX02  AND  CAPX04  AND  CAPX 03  AND  CAPX 06  THEN  4 VO 
IF  CAPX* 2 ON  LAP* -6  I HEN  VEHX-1 
IF  CAP%«2  OR  CAPX*6  THEN  OUlU  630 
PRINT 

PRINI  "VEHICLE  TYPE" 

PRINT  SIHJNGS4 12.196) 


preceding  page  blank  not  filmed 
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QkCt  M'l  0 im till MJHUlIf  9L M 


JWO  PRINT  * 1.  ELECTRIC  VEHICLE*  (PRINT  " 2.  HYBRID  VEHICLE" 

0 JO  INPUT  " ENTER  VEHICLE  TYPE  U OR  2)  I " • VEHX 

*10  ' 

*20  RCN  IF  INVALID  VEHICLE  TYPE  NUMBER  THEN  TRY  AGAIN 
*30  ' 

*40  IF  VEHXOl  AND  VENX02  THEN  *00 
*90  CLS 
**0  PRINT 
*70  PRINT 

*80  INPUT  "ENTER  DESIRED  RANGE (HI>  I * . DRAN 
*V0  ' 

700  REN  INPUTS  FOR  THE  DC  OPTION.  (NOT  CURRENTLY  AVAILABLE.  ) 

710  ' 

720  REN  PRINT 

730  REN  PRINT  •ROTOR  TYPE  " 

740  REN  PRINT  STR1N04( 10. 1V*> 

/SO  REN  PRINT  “l.  AC"  l PRINT  "2.  DC" 

7*0  REN  INPUT  "ENTER  ROTOR  TYPE  NUMBER  • ".  HTX 

//O  ' 

7 SO  REN  IF  INVALID  MOTOR  TYPE  NUMBER  THEN  TRY  AGAIN. 

7 VO  ' 

800  REN  IF  NTXOl  AND  NTX02  THEN  290 
810  ' 

820  PRINT 

820  PRINT  "BATTERY  TYPE  NUMBER  LIST” 

840  PRINT  8TRIN0SI24.1V*> 

890  PRINT  " 1.  AL-AIR"  • PRINT  " 2.  FE-AIR"  I PRINT  " 3.  LI-FE-8"  « PRINT 

• 4.  Ll-Ft-S2" 

8*0  PRINT  “ 9.  NA-S"  I PRINT  " *.  NI-fE"  I PRINT  " 7.  NI-ZN" 

870  PRINT  " 8.  P8-AC/A0V"  * PRINT  " V.  PB-AC/BIPL"  • PRINT  " 10.  ZN-BR" 

880  PRINT  " 11.  ZN-CL2" 

8VO  INPUT  " ENTER  BATTERY  TYPE  NUMBER  l " . NUHX 
VOO  ' 

V10  REM  IF  INVALID  BATTERY  NUMBER  THEN  TRY  AGAIN 
920  ' 

930  IF  NUNXOl  AND  NUNX02  AND  NUMX02  AND  NUHX<>4  AND  NUHX 03  ANO  NUHXO*  AND  N 
UHX<>7  ANO  NUMX08  AND  NUHXOV  AND  NUMXOIO  AND  NUMXOll  THEN  SVO 
V40  PRINT 

990  PRINT  "POWER  TO  ENEROV  RATIO" 

V*0  PRINT  8TRIN04(20. IV*) 

V70  PRINT  " 1.  P/E  « 1.0"  t PRINT  " 2.  P/E  - 2.1"  I PRINT  " 3.  P/E  • 2.4" 

1 PRINT  " 4.  P/E  • 3.3" 

980  INPUT  " ENTER  POWER  TO  ENERGY  RATIO  NUMBER  « " • 6NUHX 
WO  IF  SNUMXOl  AND  8NUMX02  AND  SNUHX03  AND  SNUMX04  THEN  980 
1000  CLS  • PRINT  l PRINT  I PRINT 

1010  PRINT  "DU  YOU  WISH  TO  RUN  ELVEC  IN  l ” « PRINT  " 1.  DEMAND"  « PRINT  " 

2.  BATCH" 

1020  INPUT  "ENTER  TYPE  OF  RUN( 1 OR  2)  I " . 00 BX 

1U30  IF  DOBXOl  AND  008X02  THEN  1020 

1040  IF  TORX-2  THEN  CLS 

1090  IF  TORX-2  THEN  PRINT 

10*0  IF  TORX-2  THEN  PRINT 

1070  IF  TORX-2  AND  DOBX-2  THEN  INPUT  "ENTER  FILENAME  OF  24  HR.  INPUT  FILE  1 ".  N 
AM244  ELSE  NAM24S-"STAHEL" 

1080  ' 

1090  REM  1NPUI  RANGE  FOR  3 PAS  VEHICLE. 

1100  ' 

1110  IF  TORX-2  AND  CAPX-S  THEN  CLS 
1120  IF  TUNX-2  AND  CAPX-3  THEN  PRINT 
1130  IF  TORX-2  ANO  CAPX-3  THEN  PRINT 

1140  IF  TORX-2  AND  CAPX-3  THEN  PRINT  "RANQES  FOR  3 PAS  VEM1LCLE" 

1130  IF  TORX-2  ANO  CAPX-3  THEN  PRINT  S)KING»(23. 19*) 

11*0  IF  TORX-2  ANn  CAPX-3  THFN  PRINT  « r ir»n  Hr  ufMtn  t P»oar  « ^ 
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HI.  VEHICLE"  * PRINT  > 3.  290  HI.  VEHICLE" 

1170  IP  T0RX-2  AND  CAPX-9  THEN  INPUT  "ENTER  VEHICLE  RA*JGE  NO.  1 1.2  OR  3>  I " . SC 
APX 

1100  IP  TORX-2  AND  CAP*  >9  THEN  IP  SCAPXOl  AND  SCAPX02  AND  SCAPX03  THE N 1170 

1100  IP  CAPX-2  1HEN  CVCLEX-9 

1200  IP  CAPX-9  AND  BCAPX-1  THEN  CYCLEX-IO 

1210  IP  CAPX-9  AND  SCAPX-2  THEN  CYCLEX-U 

1220  IP  CAPX-9  AND  SCAPX-3  THEN  CYCLE X- 12 

1230  IP  CAPX-4  THEN  CYCLEX-12 

1240  CLS 

1290  HEN  SET  HTX-1  POR  THE  AC  OPTION  ONLY. 

1240  ' 

1270  HTX-t 

1200  IP  NUHX-1  THEN  1440  "BRANCH  TO  AL-A1R  DATA  BET 

1290  IP  NUHX-2  THEN  1930  "BRANCH  TO  FE-AIR  DA  I A SET 

1300  IP  NUHX-3  THEN  1/BO  "BRANCH  TO  LI-FE-S  DATA  BET 

1310  IP  NUHX-4  THEN  2030  "BRANCH  fO  LI-PE-S2  DATA  SET 

1320  IP  NUflX-5  THEN  2100  "BRANCH  TO  NA-S  DATA  BET 

1330  IP  NUHX-6  THEN  2390  "BRANCH  TO  NI-PE  DATA  SET 

1340  IP  NUNX-7  THEN  2400  "BRANCH  TO  Nl-ZN  DATA  BET 

1390  IP  NUKX-0  THEN  2700  "BRANCH  TO  PB-AC/ADV  DATA  SET 

1340  IP  NUHX-9  THEN  2990  "BRANCH  TO  PB-AC/B1PL  DAI  A SET 

1370  IP  NUHX-10  THEN  3170  'BRANCH  TO  ZN-BR  DATA  SET 
1300  IP  NUHX-1 1 THEN  3420  "BRANCH  TO  ZN-CL2  DATA  SET 
1390  ' 

1400  flfcfl  BATTfeftV  DATA  SETS 

1410  " DATA  BETS  CONTAIN  HASB  DENSITY.  SPECIFIC  ENERGY  AND  SPECIFIC  POWER  - 
1420  " FOLLOWED  SV  THE  CM  COEFFICIENTS. 

1430  " 

1440  NAHS  - “AL-AIR"  I EPPCD-.  IB  I BLPD-0  1 ACC-9! 

1490  DATA  0.21..107.19S. 149.197 

1440  DATA  4. 9078.-.  723099. -.0904402 

1470  RESTORE  1490 

1400  READ  A.B.U1.Q2.PBC 

1490  RESTORE  1440 

1900  OOBUB  9990 

1910  OOTO  3440 

1920  ' 

1930  DATA  "FE-A1R1.0" . "PE-AIR2.  1"«  *F6-AIR2.4M*  "FE-AIR3.3"  I EFFC0-.3 

1940  SLFD-.'H  • ACC-1.47 

1990  RESTORE  1930 

1940  GUSUB  lOOGO 

19/0  NAH4-BATN9CSNUHX) 

1900  DATA  .12.3.471.109.140.110 
1990  DATA  .214*. 202.40.74. 140 
1400  DATA  .229.. 393. 40.94. 197 
1410  DATA  .292., 390.92. 79. 149 
1420  DA (A  4.40119.-.  723079. -.0890794 
1430  DATA  4.  12949. -.033903. -.0690404 
1640  DATA  4.13931. -.090401. -.0412641 
1490  DA1A  3. 90444. -.084949. -.0943991 
1440  IP  8NUHX-1  I HEN  RESTORE  1900 
14/0  IP  SNUHX-2  THEN  RESTORE  1990 
1400  IP  SNUHX-3  THEN  RESTORE  1400 
16?0  If  SNUHX-4  THEN  RESTORE  1610 
1/00  READ  A.B.Q1.Q2.P0C 
1710  If  SNUHX-1  THEN  RESTORE  1620 
1720  If  SNUHX-2  THEN  RESTORE  1630 
1730  IP  SNUHX-3  THEN  RESTORE  1640 
1/40  IP  SNUHX-4  THEN  HESTURE  1690 
1/90  OOSUB  9990 
1740  UOIO  3440 
otn  ' 
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17*0  DATA  "LI-FE-Sl,0<,«"I.I-FE-S2.1,S*U-FE-S2.r‘.‘‘LI-FE-83.3*  • EFFCD-.* 

1790  SLFD-0*  l ACC-0 

1*00  RESTORE  17*0 

1*10  OOSUB  100*0 

1*20  NAN*«SATN*(9NUHX> 

1*30  OATA  .119.4.3**. 103. 190.1*1 
1*40  DATA  « 1 19.4.39.*!, 190. 1*3 
1*90  DATA  .119.4.39.*!. 190. 1*9 
10*0  DATA  .134.4.1*1.71.190.179 
1*70  DATA  4. 379*3. >.713407. >.0*39933 
1**0  DATA  4.21177.-. 748431 . -.0664*99 
1090  OATA  4.21177.-. 74*491, >.0**4*9S 
1900  OATA  4. 13333.-. 79409,-. 0*1334 
1910  19  fNUMX-1  THEN  RESTORE  1*30 
1420  19  SNUHX-2  THEN  RESTORE  1*40 
1930  IF  8NUHX-3  THEN  RESTORE  1*90 
1940  IF  SNUHX-4  THEN  RESTORE  10*0 
1990  READ  A.*.Ql.Cf2,P*C 
19*0  IF  SNUHX-1  THEN  RESTORE  5*70 
1970  IF  SNURX-2  THEN  RESTORE  1**0 
19*0  IF  8NUHX-3  THEN  RESTORE  1*90 
1990  IF  SNUHX-4  THEN  RESTORE  1900 
2000  OOSU*  9990 
2010  OOTO  3**0 
2020  ' 

2030  PRINT  • PRINT  • PRINT 

2031  PRINT  "Th#  **tt«rv  LI-FE-S2  It  not  currontlv  *v*lloblo. * 

2032  OOTO  7390 

2039  NAN*  - "U-FE-*2«  • EFFCD-.49 

2040  ACC-O 

2090  DATA  2.2. 1 10. * 144. 

20*0  RESTORE  2090 
2070  READ  HU.EO.PD 
20*0  OOTO  3**0 

2091  ' 

2100  DATA  “NA-S1.0".  *NA-S2« 1*. "NA-S2.4*. "NA-S3.3"  I CFFCD-.6* 

2110  SLED-O*  I ACC-0 
2120  RESTORE  2100 
2130  OOSU*  100*0 
2140  NAN4-SATN*  < SNUHX  > 

2190  DA 'A  .21*. -2.**, 121, 133. 14* 

21*0  DATA  .134.1. *97. *7. 94, 199 
2170  DATA  .141. 1.717, *3, 79,224 
21*0  DATA  .134,4. 1*1. 73. *1.244 
2190  DATA  4.97379. -.790941. -.040973 
2200  OATA  4. 36947.-. **4197. -.079943? 

2210  DATA  4.  330R,  -,  *94903,  — . 077A9AA 
2270  DATA  4.21*01 .-.907732. -.0272*04 
2230  IF  SNHNX—l  THEN  RESTORE  2190 
2240  IF  SNUNX-2  THEN  RESTORE  21*0 
2290  IF  SNUHX-3  THEN  RESTORE  2170 
22*0  IF  SNUHX-4  THEN  RESTORE  7 I AO 
2270  READ  A. B.OI .02.FRC 
22*0  IF  SMElX-I  THEN  RESTORE  7190 
2290  IF  SNUHX-2  THEN  RESTORE  7700 
2300  IF  SNI41X-3  THEN  RESTORE  2210 
2310  IE  SMMX-4  THEN  RESTORE  2220 
2370  OOSIIB  9990 
2330  OOTO  36*0 
2340  ' 

2390  DATA  “NI-EEI . O" . “N1-EF7. 1". “NI-FE2. 1 "NI-FC3. 3"  I EFFCD-.9U 
23*0  SlFfl-.Ol*  i ACC-0 
73  70  RESTORE  “J3SO 


/ 
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2390  00SH9  10090 

2390  NAN0-0ATN4< BRUNEI 

2400  DATA  . 193.3. 934. 90. 102. 120 

2410  DATA  .203. 3.934*94*92* 141 

2420  DATA  .203.3.939*92*97.141 

2430  DATA  .229.2.979*49*93.140 

2440  DATA  3. 93994.*. 723494. -.00999473 

3490  0*'TA  3.  9014. -.902994* -.0924347 

2440  DATA  3. 97447* -.920991  .-.0747043 

2470  DATA  3. 91442* -.992479. -.0904292 

2490  IF  SMUnX-1  THEN  AC9T0AC  2400 

2490  IF  SNUHX-2  THEN  RESTORE  2410 

2300  IF  SMUPa-3  THEN  RESTORE  2420 

2910  IF  SNUHE-4  THEN  AE9T0NC  2430 

2920  ACAD  A. 9.91 .02. ADC 

2330  IF  9NUHX-1  THEN  ACETONE  2440 

2940  IF  SNUHX-2  THEN  HC9T0NC  2430 

2990  IF  SNUHX-3  THEN  NE9T0HC  2440 

2340  IF  9NUNX-4  THEN  ACETONE  2470 

2970  009U9  9990 

2390  00 TC  3440 

2990  ' 

2400  NANO  * "NI— IN2.0"  I EFFCD-.7 

2410  SLFD-0  • ACC-O 

2420  DATA  .171.4.794.40.100*94 

2430  DATA  4. 04499. -.944001. -.0947 194 

2440  ASSTORC  2420 

2490  ACAO  A.B.01.02.F9C 

2440  NC4T0NC  2430 

2470  009U9  9990  , 

2490  OOTO  3440 
2490  ' 

2700  DATA  "P9AC/AD1.0*. "P9AC/A02. 1*. "F9AC/A02. 1".  "NBAC/AD3.3"  I CFFCD-.79 

2710  SLFO-O  l ACC-0 

2720  At ST ONE  2700 

2730  G0SU9  10090 

2740  NAH4-9ATN* TENURE I 

2790  DATA  .224.9,224.49.99.120 

2740  DATA  .241,7.137.43.91.139 

2770  DATA  .241,7.137.41.04.139 

2790  DATA  ,294.4.9.39.90.149 

2790  DATA  3. 44941, -.709739. -.110141 

2900  DATA  3. 49429. -.729333.-. 121204 

2910  DATA  3.42409.-. 792033. -.0999374 

2920  DATA  3. 37472. -.922929. -.0939422 

2930  IF  ENUm-1  THEN  AES  TONE  2790 

2940  IF  SNUm-2  THEN  AES  TONE  2740 

2990  IF  SNUHX-3  THEN  RESTONE  2770 

2940  IF  SRUTU-4  THEN  HESTONS  2790 

2970  READ  A.S.01.02.P9C 

2990  IF  SMUHX-1  THEN  RESTORE  2790 

2990  IF  SNUHX-2  THEN  RESTORE  2900 

2900  IF  SNUHX-3  THEN  RESTONE  2910 

2910  IF  SNUHX-4  THEN  RESTONE  2920 

2920  00904  9990 

2930  OOTO  3440 

2940  ' 

2990  NAH4— “P9-AC/BIFL*  l EFFC0-.99 

2960  SLFD-0  (ACC-0 

2970  DATA  .24.3.0.90.99.400 

3010  DATA  3. 44999. -.990199. -.0390122 

3090  AESTORE  2970 

3090  READ  A.  4.131.02.990 
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3100  RESTORE  3010 
3140  OOSUB  9990 
3190  OOTO  3440 

31  u1-'  ' 

3170  ORTA  "ZN-0R2/ 1.0".  "ZN-BR2/2. 1",  "ZN-BR2/2. 4".  "2N-BR2/3. 3"  » EFFCD-.96 

3100  SLFD-.  08  I ACOl.12 

3190  RESTORE  3170 

3200  OOSUB  10080 

3210  NAH*»8ATN* < SNUHX ) 

3220  DATA  . 149,9.392.6.91.83 
3230  DATA  .244,4.402,48.62.119 
3240  DATA  .243.2.926.49.49.139 
3290  DATA  .32< 2.670.40.93. 190 
3240  DATA  4.f  3*7,  627844. 191304 

32/0  DATA  3.i- . 9, -.019454. -.0991689 

3280  DATA  3.0J>  >12.-  337169. -.0891764 
32VO  DATA  3. 69916. -.374409. -.0779032 
3300  IF  SNUHX-'  THeN  RESTORE  3220 
3310  IF  SNUHX-2  THEN  RESTORE  3230 
3320  IF  SNUHX-3  THEN  RESTORE  3240 
3330  IF  SNUHX-4  THEN  RESTORE  3290 
3340  READ  A.B.Q1.Q2.PBC 
3390  IF  SNUHX-1  THEN  RESTORE  3240 
3340  IF  SNUHX-2  THEN  RESTORE  3270 
3370  IF  SNUT1X-3  THEN  RESTORE  3280 
3380  IF  SNUHX-4  THEN  RESTORE  3290 
3390  OOSUB  9990 
3400  OOTO  3440 
3410  ' 

3420  DATA  "ZN-CL2/1.0",  "ZN-CL2/2. 1", "ZN-CL2/2. 4". "ZN-CL2/3.3"  l EFFCD-.93 

3430  SLFD-.02  I ACC-.44 

3440  RESTORE  3420 

3490  OOSUB  10080 

3440  NAH6-BATN4 ( SNUHX > 

34/0  DATA  .127.2.882.89.111.84 
3480  DATA  .214.2.746.94.64.110 
3490  DATA  .219.2,242.54.48.127 
3500  DATA  .278.2.044.42,94.130 
3910  DATA  4. 2577. -.498479. -.117389 
3920  DATA  3. 90924, -.620198. -.0882048 
3930  DATA  3.9290. -.848149. -.0792426 
3940  DATA  3. 69998. -.878004, -.0790732 
3590  IF  SNUHX-1  THEN  RESTORE  3470 
3940  IF  SNUHX-2  THEN  RESTORE  3480 
39/0  IF  SNUHX-3  THEN  RESTORE  3490 
3580  IF  SNUHX— 4 THEN  RESTORE  3500 
3590  READ  A.B.01.Q2.PBC 
3400  IF  SNUHX-1  THEN  RESTORE  3910 
3410  IF  SNUHX-2  THEN  RESTORE  3920 
3420  IF  SNUHX-3  THEN  RESTORE  3930 
3430  IF  SNUHX— 4 THEN  RESTORE  3940 
3440  OOSUB  9990 
3450  OOTO  3440 
3440  ' 

34/0  ' 

3480  REH  BASIC  EQUATIONS  < DEFINE  VEHICLE  PARAMETERS) 

3490  ' 

3700  IF  VEHX-1  THEN  VT*-“ELECTRIC" 

3710  IF  VEHX-2  THEN  VT»-«  HYBRID" 

3720  IF  CAPX-2  THEN  WSH-491 
3730  IF  CAPX-4  THEN  WSH-996 
3/40  IF  CAPX-5  THEN  WSH-797 
3750  IF  CAPX-6  THEN  MSH-989 
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3760  If-  CAPX-2  THEN  GRADE*  17. 9 

3770  IF  CAPX-2  THEN  ACCN-  21.9 

3780  IF  CAPX-2  THEN  CYCLE-29. 9 

3790  IF  CAPX-4  OR  CAPX-9  THEN  GRADE-28 

3800  IF  CAPX-4  OR  CAPX-9  THEN  ACCN-24 

3810  IF  CAPX-4  OR  CAPX-9  THEN  CYCLE-26 

3820  IF  CAPX-6  THEN  0RADE-20. 3 

3830  IF  CAPX-6  THEN  ACCN- 20. 3 

3840  IF  CAPX-6  THEN  CYCLE-20. 3 

3890  H0TSW-490  I C0NSW-2900  l TRFSW- 1418  I TRCVTSW-1096  • HESW-490 

3860  NH0T1-. 900000 1*URA0E/ HO TSW 

3870  IF  CAPX-4  OR  CAPX-9  THEN  WC0N1-GRADE/C0NSW 

3880  IF  CAPX-9  THEN  WTF1 -GRADE /TRFSW 

3890  IF  CAPX-2  OR  CAPX-6  THEN  UC0N1-CVCLE/C0NSW 

3900  IF  CAPX-2  OR  CAPX-6  THEN  WTF1 -CYCLE /TRFSW 

3910  IF  CAPX-4  THEN  WTF1 -GRADE/ 1RFSW 

3920  IF  CAPX-4  ANO  VEHX-2  THEN  WTCVT1-CRADE/TRCVTSW 

3930  IF  CAPX-9  AND  VEHX-2  THEN  WTCV1 1 -GRADE /TRCVTSW 

3940  IF  VEHX-1  THEN  UTCVT1-0  ELSE  WTCVT1 -GRADE/ TRCVTSW 

3990  IF  VEHX-2  THEN  WHE 1 -GRADE /HE SW  ELSE  WHE1-0 

3960  IF  VEHX-1  THEN  UTRl-  WTF1  ELSE  WTR1-UTF1+WTCVT1 

39/0  IF  CAPX-6  THEN  PANOPL-299  ELSE  PANDPL-136 

3980  IF  PTORX-3  ANO  TORX-2  THEN  GOTO  4190 

3990  IF  TORX-3  THEN  GOTO  4170 

3991  ' 

3992  REN  ITERATION  PROCEDURE  FOR  ACTUAL  RANGE. 

3993  ' 

4000  R-1.2*DRAN 
4020  ICOUNTX-1 

4029  REN  CONFUTE  BNP  AS  A FUNCTION  OF  ELVEC  RANGE 

4030  8NF-<A*R4>B>/100 

4039  IF  NUNX-1  THEN  OOTO  4120 

4040  WKG— ACCN/BNF 
4090  STAX-0 
4060  OOSUB  10170 

4070  IF  ACTRAN>— DRAW  AND  ACTRAN  <-1.09«DRAN  THEN  4100  ELSE  ICOUNTX-ICOUNTX*-! 
4080  R-DRAN*R/ACTRAN 

4090  IF  ICOUNTX  >-30  THEN  OOTO  4100  ELSE  4030 
4100  LIHPRTX-O 

4110  IF  ACT RANCOR AN  OR  ACTRAN  >-1.09«DRAN  THEN  LINPRTX  - 1 
4120  TAU-6. 6/60  I LPD-CHU  )+CH(2)*LOO(TAU)+CH<3)#(LOO(TAU)''2) 

4130  PD-EXP<LPO) 

4140  BNF1 -GRADE/PD 

4190  IF  BMF1>BHF  THEN  BNF-BNF1 

4160  IF  8NF1>BNF  THEN  8HFT4-" GRADE*  ELSE  BNFTB— “RANGE" 

4170  IF  TORX-3  THEN  BHF-BHFIN 
4180  IF  TORX-3  THEN  BNFTB-" INPUT" 

4190  IF  PTORX-3  AND  TORX-2  THEN  BNF-BNF2 
4200  IF  PTORX-3  AND  TORX-2  THEN  BNFT4-" INPUT" 

4210  IF  PTORX-3  ANO  TORX-2  THEN  R-< <BHF#100-B)/A> 

4220  IF  TORX-3  THEN  R-< <BHF»100-B)/A> 

4230  WKG  - ACCN/BNF 
4240  STAX-1 
4290  OOSUB  10170 

4260  IF  ERRORF X— 1 THEN  7220  ' END  OF  PROORAN  OPERATIONS 

4270  OOSUB  13910  'C0HPU1E  WEIGHTS  AND  WEIGHT  DEPENDENT  VARIABLES. 

43/0  ' 

4380  REN  PRINT  AVSIZ1NG  OUTPUT  REPORT 
4390  ' 

4400  REN  IF  RFX  - 1 THEN  SKIP  OUTPUT  REPORT  HEADER. 

4410  ' 

4420  IF  RFX  -1  THEN  4490 

4 -)r*l  r*f>  T MT  TA»>7  AYMMAirf  IfMA  «*»»  I’TPYl  1^  ornrtnril 
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ORIGINAL  PAGE  IS 

4440  LPRINT  TAB129) "AVS17ING  OUTPUT  REPORT"  OF  POOR  QUALITY 

44S50  X ■ CSRL1N 

4460  LOCATE  X. 291  PRINT  8TRIN04<22, 196) 

4470  X6-STRING»(22.99> 

4480  LPRINT  TAB(29)IXB 

4490  PRINT  l LPRINT 

4499  IP  NUMX-1  THEN  OOTO  4969 

4900  TORCHECKaTORX 

4910  WHILE  T0RCHECKO3 

4920  NOCONV6**  WARNING!  Iteration  Halt  axaadad.  THE  RESULTS  BELOW  NAY  NOT  BE  HE 
ANINGFUL. " i C0NV8-“Ran*a  eonvaraad  in  M 

4930  IF  LIMPRTX"!  THEN  PRINT  NOCONVS  ELSE  PRINT  C0NV4I ICOUNTXl "Iteration*. " 

4940  IF  LIHPRTX-i  THEN  LPRINT  NOCONVS  ELSE  LPRINT  CONVSl ICOUNTXl "ltdratlon*. " 
4990  TORCHECK-3 
4960  WEND 

4969  IF  NUHX-i  THEN  PRINT  "Actual  ranaa  not  coaautad  for  AL-AIR." 

4970  PRINT  I LPRINT 
4980  X»(80-LEN(TLE8) )/2 
4990  PRINT  TAB<X)TLE» 

4600  LPRINT  TAB(X)TLES 
4610  PRINT  I LPRINT 

4620  F*»"\  \ \ \ " 

4630  PRINT  TAB <36 IMPRINT  TABOO) “WTCKO)  VOL(LTR)  PWR(KW>" 

4640  LPRINT  TABI38)  I » LPRINT  TABOO)  "WT  (KG)  VOL(LTR)  PWR(KW)" 

4690  PRINT  US I NO  "6  0*  "I  "THE  VEHICLE  CAPACITY  IS  ",  CAPX 
4660  LPRINT  USING  "6  ••  "I  "THE  VEHICLE  CAPACITY  IS  ",  CAPX 

4670  PRINT  US  I NO  FBI  "THE  VEHICLE  TYPE  IS  ".  VTOMPRINT  USIN0"6  ««d.88"l" 

HOT OH  ".WMOTI IPRINT  USING*  •••.#*" I VHOT.PEFPWR 

4680  LPRINT  US1N0  F*l  "THE  VEHICLE  TYPE  IS  VTOULPRINT  USINO"li  446.64"!" 

MOTOR  ", WHOTl I LPRINT  USING"  888.88" I VHOT.PEFPWR 

4690  PRINT  US I NO  "6  888.88*1  "THE  DESIRED  RANGE  IS"  IDRANI IPRINT  " HI"! IPRINT  US 
INO"*  888.84*1"  CONTR  ".WCONMPRINT  USING"  888.88"IVCT.CKW 

4700  LPRINT  US INO  "S  888.88"!  "THE  DESIRED  RANGE  IS"  tORANl I LPRINT  " HI "I l LPRINT 
USINO-fc  888.88*1"  CONTR  " . WCONI I LPRINT  USING"  644.44"! VCT.CKW 

4710  PRINT  USING  "\  \ 6 "I  "THE  DOMINANT  WMF  IS".  BHFT8I  IPRINT  U 

SING"*  888.88"!"  EV  TRANS  ".WTFl IPRINT  USING”  888.88"! VTT1F.ETKW 


4720  LPRINT  US I NO  *\  VS"!  "THE  DOMINANT  BMF  IS".  BHFT8I I LPRINT 

USING"!)  888.88"!"  EV  TRANS  WTFl ILPR1NT  USING”  888.88"! VTT1F.E 

TKW 

4730  PRINT  USING  "\  \ N \ "I  "THE  BATTERY  IS  ".  NANS 

! IPRINT  USING"*  8888.88"!"  BATTR  *.WBI IPRINT  USING”  888.88"lBVUL.PB 

4740  LPRINT  USING  "\  \ \ \ "I  "THE  BATTERY  IS  ",  NAM 

8MLPHINT  USINO"*  8888.88*1"  BATTR  " . WBI I LPRINT  USING"  888.88"IBV0L.PB 

4790  PRINT  TABI34M  IPRINT  USINO"l>  888.88"!  "ICE  TRANS  ".WTCVTI  IPRINT  USING" 
888 . 88 ” I OTRANVOL . EPOW 

4760  LPRINT  TAB<34)I ILPRINT  USING"!.  888.88"! "ICE  TRANS  " . WTCVT 1 1 LPRINT  USINO 
" 888. 88" I OTRANVOL. EPOW 

4770  PRINT  TABI34)! IPRINT  USING”!.  888.88*1"  ENGINE  ".WHEI IPRINT  USINO" 

888 . 88 " I ENG VOL . ENGKW 
4780  LPRINT  TAB(34)I  ILPRINT  USINO"!) 

888.88”! ENOVOL . ENGKW 
4790  PRINT  l LPRINT 
4600  PRINT  USINO  "\ 

4810  LPRINT  USINO  "\ 

4620  PRINT  USING  "\  \ 

PRINT-KG" 

4830  LPRINT  USINO  ”\  \ 

ILPRINT-KG" 

4840  PRINT  USING  "\  \ 

IPRINT  "KG" 

4850  LPRINT  USING  "\  \ 

til  PRINT  "KG" 


668.48"!"  ENGINE  ".WHEl ILPRINT  USINO” 

\ 6.864"!  "THE  BHF  IS  ".  BHF 

\ 6.866"!  "THE  BHF  IS  ",  BMF 

6668.66  "I  "THE  TEST  WEIGHT  IS  WTII 

6686.66  "I  "THE  TEST  WEIOHT  13  ",  WTl 

6666.68  "I  "THE  CURB  WEIGHT  IS  ",  WCl 

6666.46  "I  "THE  CURB  WEIGHT  IS  ”,  WC 
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I "THE  ACTUAL  RANGE  IS 


. ACT 


4860  PRINT  USING  "\  \ 

RANI l PRINT  " HI " 

4870  LPR1NT  US I NO  "\  \ "THE  ACTUAL  RANOE  IS  AC 

IRANI ILPRINT  " HI" 

4880  IF  TORX-2  THEN  8100 
4890  ' 

4900  REH  HULTIPLE  RUN  LOOIC 
4910  ' 

4920  PRINT 

4930  LOCATE  22.41  I PRINT  "DO  YOU  NISH  TO  HAKE  ANOTHER  RUN?"  I 

4940  ANSS-INKEYS* IF  ANS*<>"N"AND  ANS*0"n"  AND  ANS*<>"Y«  AND  ANS*0"y"  THEN  GOT 
O 4940 

4980  IF  ANS*-"N"  OR  ANS*-"r»"  THEN  LOCATE  22.40IPR1NT  SPACES  < 33 ) I GOTO  4980 
4960  IF  ANS*-“V"  OR  ANS*-"Y"  THEN  RFX-ULPRINTiCLS 
4970  IF  TORX-3  GOTO  320  ELSE  GOTO  410 

4980  PRINT  "DO  YOU  WISH  TO  RUN  ELVEC  FOR  THE  VEHICLE  SIZED  IN  THE  LAST  RUN1Y/N)? 
■ I 

4990  ANS1S-INKEY4HF  ANSl*OuN"AND  ANSl*<>"n"AND  ANS1*<>"Y"  AND  ANS1BO"y“  THEN 
GOTO  4990 

9000  IF  ANSl*-"N"  OR  ANSl*-“nM  GOTO  7260 
9010  ' 

9020  REH  INPUTS  TO  THE  ELVEC  PRO OR Ah. 

5030  ' 

9040  IF  VEHX-1  AND  CAPX-2  THEN  CDA-.91 
9050  IF  VEHX-1  AND  CAPX-4  THEN  CDA-.959 
9060  IF  VEHX-1  AND  CAPX-5  THEN  CDA-.6 
9070  IF  VEHX-1  AND  CAPX-6  THEN  CDA-1. 18 
9060  IF  VEHX-2  AND  CAPX-4  THEN  CDA-.59 
9090  IF  VEHX-2  AND  CAPX-5  THEN  CDA-.64 
9100  PTIRE-38! 

5110  PKEFF-.V5 
9120  CRDIAL-1 ! 

9130  PHXANI.-2*PEFPWR 

5140  U*(1)-"UHB1  *1  " t U*(2)-“URB2  1 " < U«(3)-"UR83  1 " I US(4)-"URB4  1 " 

9190  U*(9)-"URB9  1 " I U*I6>-"URB6  1 " « UtM7>-"URB7  1 " I U4<8>-"URB0  1 " 

9160  US<9)*"URB9  1 " I U*<  10)-**URB10  1 " I U*<  1 1 >-"URBl 1 1 " I U*(  12>-"URB12  1 " 


91/0  U»<13)-"URB13  1 " l U»<14)-"URB14 

M 


U*<  19)— "URB19  1 " l US(16)-"URB16  1 


9180  USI 17  >-"URB17  1 " 

9190  CY*< 1 )•"  - CYCLE  1"  I CY*<2>-"  - CYCLE  2"  I CY*<3>-“  - CYCLE  3" 

9200  CV*<4>-"  - CYCLE  4"  I CY*<9>-"  - CYCLE  5"  I CYSI6)-"  - CYCLE  6" 

5210  CY*<7>-"  - CYCLE  7"  • CY*<8>-"  - CYCLE  8"  « CY*<9>-"  - CYCLE  9" 

5220  CY*<10>-"  - CYCLE  10"  l*CY*(ll>-"  - CYCLE  11"  « CYS112)-"  - CYCLE  12“ 

5230  ' 

5240  REH  CONSTRUCT  SOME  COHHON  CYCLE  SEQUENCES 
5290  ' 

9260  UC7.16»-U«<7> 

9270  FOR  1-8  TO  16 

9280  UC7. 16S— UC7. 16SHIS<  1 ) 

5290  NEXT  I 
5300  UC3. 116— Ut (3) 

9310  FOR  1-4  TO  11 

9320  UC3. 116-UC3. 116+06(1) 

9330  NEXT  1 

5340  UC12. 176-U6U2) 

9390  FOR  1-13  TO  17 

9360  UC12. 176-UC12. 17S+US< I ) 

93/0  NEXT  I 
9380  UC3.86-U4<3> 

9390  FOR  1-4  TO  8 
9400  UC3.8*-UC3.8S+US<I) 

Win  Mryr  t 
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9420  UC1 , 64*04 ( 1 ) 

9430  FOR  1-2  TO  6 
9440  UCI.6S-UCi.6»HJ*4I> 

9490  NEXT  I 
9460  PRINT 
9470  PRINT 

9400  IF  TORX-2  THEN  *260 
9490  IF  TORX-3  THEN  9690 
9499  ' 

9496  REN  DETERMINE  CYCLE  (FEDERAL* HIGHWAY  OR  VAN) 

9497  ' 

9990  CL8 

9970  PRINT  I PRINT 

9980  PRINT  -CYCLE  TYPE  NUHBER  LIST- 

9990  PRINT  STRINGS! 22. 196) 

9600  PRINT  • 1.  FEDERAL  CYCLE-  I PRINT  H 2.  HIGHWAY  CYCLE-  I PRINT  - 3.  VA 

N CYCLE- 

9610  INPUT  - ENTER  CYCLE  TYPE  NUHBER! 1.2  OR  3)  - . CNUMX 

9620  IF  CNUHXOl  AND  CNUNX02  AND  CNUMX03  THEN  9610 
9690  * 

9660  REN  WRITE  APPR0P1ATE  CYCLE  TO  DISK. 

9670  ' 

9680  OPEN  -LOCAL. DAT-  FOR  OUTPUT  AS  SI 
9690  008UB  7460  'CALL  SUBROUTINE  FRONT-END 

9700  IF  CNUHX- 1 THEN  PR1NT81.  "NAMCYC  FEDRAL" 

9701  IF  CNUHX— 3 THEN  QOSUB  7760  ' CALL  SUBROUTINE  PARAHVAR 

9702  IF  CNUHX- 3 THEN  QOSUB  9770  ' CALL  SUBROUTINE  CYCLE  - VAN 

9703  IF  CNUMX-3  THEN  PRINT81.  -END- 

9704  IF  CNUHX-2  THEN  PR1NT81.  “NAMCYC  HIWAV" 

9710  PRINTSI,  -RUN- 

9720  PRINTS!.  -N- 

9739  GOSUB  14290 

9740  PRINTSI.  -END- 
9790  PRINTSI.  TLES 
9760  PRINTSI.  "N- 
9770  PRINTSI.  “QUIT- 
9780  CLOSE  SI 

9790  PRINT  • PRINT 

9791  IF  CNUHX- 1 THEN  FFFS-" FEDERAL" 

9792  IF  CNUHX-2  THEN  FFFS— "HIGHWAY- 

9793  I y CNUHX *3  fHEN  FFF60MVANM 

9800  PRINT  “AN  INPUT  FILE  HAS  BEEN  WRITTEN  TO  DISK  US I NO  THE  "♦FFF**"  CYCLE  AND 
DATA  FROM  THE  LAST  RUN. “ 

9810  IF  TORX-3  THEN  PRINT  “THE  REDE SI ON  OPTION  HAS  BEEN  USED  TO  CREATE  THIS  FILE 

# H 

9820  PRINT  l PRINT 
9830  WHILE  DOBX-1 

9840  PRINT  "YOU  WISH  TO  RUN  THE  “♦FFFS*"  CYCLE  IN  DEHAND  THEREFORE!-  I PRINT  " 
THE  LOCAL  FILE  18  LOCAL. DAT-  I PRINT  - THE  RE NOTE  FILE  IS  STAREL.COM" 

9890  PRINT  “ THE  RUN  COMMAND  FILE  IS  SHAX  - 

9860  PRINT  - ! RESPOND  TO  THE  FIRST  TWO  PROMPTS  FROM  THE  KEYBOARD) 

9870  DOBX-O  I WEND 
9880  WHILE  DOBX-2 

9890  PRINT  -YOU  WISH  TO  RUN  THE  "♦FFF**"  CYCLE  IN  BATCH  THEREFORE! “ I PRINT  " 

THE  LOCAL  FILE  IS  LOCAL. DAT"  I PRINT  - THE  REMOTE  FILE  IS  STAREL.COM" 

9900  PRINT  " THE  SUBMIT  COMMAND  FILE  IS  SOO" 

9910  DOBX-O  l WEND 

9V20  IF  T0RXO2  THEN  OUSUB  9900  'WRITE  TO  THE  VEHICLE.DAT  FILE 
9930  GOTO  7260 
6230  ' 

6240  RFM  WRITE  24  HR.  CYCLE  TO  DISK. 

6250  ' 

A Ml'l  flPPN  NOW-11.*"  ri/tr*  PfrtJ  ntlfPMT  OC  #1 


6270  IF  CAPX-6  THEN  6630 

6260  OUSUB  7460  'CALL  SUBROUTINE  FRONT-END 
6290  G08UB  7760  'CALL  SUBROUTINE  PARAHVAR 
6300  OOSUB  7690  'CALL  8U6R0UTINE  CYCLE  - I 
6310  PRINT41 • TLE#*CYS<I> 

6320  PRINT#! • MNa 

6330  OOSUB  7760  'CALL  SUBROUTINE  PARAHVAR 
6340  OOSUB  6000  'CALL  SUBROUTINE  CYCLE  - 2 
6390  PRINT#!.  TLE#+CY#<2> 

6360  PRINT61 • MN* 

6370  OOSUB  7760  'CALL  SUBROUTINE  PARAHVAR 
6360  OOSUB  6130  'CALL  SUBROUTINE  CYCLE  - 3 
6390  PRINT#!.  TLE#*CY#<3> 

6400  PRINI#1.  hNh 

6410  OOSUB  7760  'CALL  SUBROUTINE  PARAHVAR 
6420  OOSUB  6310  'CALL  SUBROUTINE  CYCLE  - 4 
6430  PRINT41.  TLE#*BAT**CY#<4) 

6440  PRINT#!.  "NM 

6490  OOSUB  7760  'CALL  SUBROUTINE  PARAHVAR 
6460  OOSUB  6490  'CALL  SUBROUTINE  CYCLE  - 9 
6470  PRINT#1.  TLE#*€Y»<9> 

6460  PRINT41.  aNN 

6490  OOSUB  7760  'CALL  SUBROUTINE  PARAHVAR 
6900  OOSUB  6620  'CALL  SUBROUTINE  CYCLE  - 6 
6910  PRINT61 • TLE#+CY#(6> 

6920  PRINT*1.  "N“ 

6930  OOSUB  7760  'CALL  SUBROUTINE  PARAHVAR 
6940  OOSUB  6820  'CALL  SUBROUTINE  CYCLE  - 7 
6990  PRINT#1.  TLE#*CY#<7> 

6960  PRINT#1.  "N" 

6970  OOSUB  7760  'CALL  SUBROUTINE  PARAHVAR 
6960  OOSUB  9000  'CALL  SUBROUTINE  CYCLE  - 8 
6990  PRINT#!.  TLE#*CY»<A> 

6600  PRINT41.  MNM 

6609  IF  VEHX-2  THEN  008UB  14110  'CALL  HYBRID  SUBROUTINE 

6610  OOSUB  7760  'CALL  SUBROUTINE  PARAHVAR 
6620  OOSUB  9190  'CALL  SUBROUTINE  CYCLE  - 9 
6630  PRINT#! • TLE**CY#(9> 

6640  PRINT#!.  HN" 

6690  IF  CYCLEX-9  THEN  7040 
6660  REH  CYCLE  10 

6670  OOSUB  7760  'CALL  SUBROUTINE  PARAHVAR 
6680  OOSUB  9390  'CALL  SUBROUTINE  CYCLE  - 10 
6690  f*in;ji.  TLE#+CY#<10> 

6700  PRINT#1.  “N“ 

6710  IF  CYCLEX-10  THEN  7040 
6720  OOSUB  7760  'CALL  SUBROUTINE  PARAHVAR 
6730  OOSUB  9490  'CALL  SUBROUTINE  CYCLE  - 11 
6/40  PRINT#!,  TLE#+CY#<11> 

6750  PRINT91 , “N* 

6760  IF  CVCLEX-U  THEN  7040 
6770  REH  CYCLE  12 

6760  OOSUB  7760  'CALL  SUBROUTINE  PARAHVAR 
6790  OOSUB  9630  'CALL  SUBROUTINE  CYCLE  - 12 
6S00  PRINIMl,  TLE4+CY6< 12 > 

6810  PRINT#!,  “N" 

6620  IF  CYCLEX-12  THEN  7040 
6830  REH  BE01N  VAN  CYCLES 
6840  IF  CAPX06  THEN  7040 

6849  OOSUB  /460  'CALL  SUBROUTINE  FRONT-END 
6650  OOSUB  7760  'CALL  SUBROUTINE  PARAHVAR 
6B60  OOSUB  9770  'CALL  SUBROUTINE  CYCLE  - VAN 
AAA.*  PRTNT6I , "wmr-tt  W.%hrH 


6863  PRINT#1,  "END*  I 

6864  PRINT#! » *'»JNH  ! 

6870  PRINT#!*  "N" 

OOSUB  (4730 

6881  IF  VEKX-2  THEN  OOSUB  14110  "CALL  HYBRID  SUBROUTINE 
6890  PRINT#!.  "ENO" 

6900  PRINT#!.  TLES«CV#(1> 

6910  PRINT#!,  "N" 

6920  OOSUB  7760  "CALL  SUBROUTINE  PARAHVAR 

6930  OOSUB  9770  "CALL  SUBROUTINE  CYCLE  - VAN  \ 

6933  PRINT#!,  Mp«rl(  2.3hr" 

6934  PRINT*!,  “END"  f 

6939  PRINT#!.  "RUN* 

6940  PRINT#!,  TLE»*CY#(2) 

6930  PRINT«1.  "N" 

6960  OOSUB  7760  "CALL  SUBROUTINE  PARAHVAR 
6970  OOSUB  9770  "CALL  SUBROUTINE  CYCLE  ~ VAN 
6974  PRINT#!.  "p**rk  l.Ohr" 

6979  PRINT#1.  "ENO" 

6976  PRINT#1,  "RUN" 

6980  PRINT#!.  <LE#+CY#(3) 

6990  PRINT*!,  "N" 

7000  OOSUB  7760  "CALL  SUBROUTINE  PARAHVAR 
7010  OOSUB  9770  "CALL  SUBROUTINE  CYCLE  - VAN 

7019  PRINTW1,  "Mr!  0.9hr“ 

7016  PRINT#1»  "END" 

7017  PRINT*1 . "RUN" 

7020  PRINT*1.  TLE#«CV#(4) 

7030  PRINT#1,  "N" 

7040  RCH  END  24  HR.  CYCLE  STATEHENT8  1 

7000  PRINT#!.  "QUIT"  I 

7060  CLOSE  #1  ! 

7070  PRINT  l PRINT  { 

7080  PRINT  "AN  INPUT  FILE  HAS  BEEN  WRITTEN  TO  DISK  USING  THE  24  HOUR  CYCLE  AND  D 

ATA  FROM  THE  LAST  RUN  FOR  WHICH  A FEDRAL*  HIGHWAY,  OR  VAN  INPUT  FILE  WAS  CREATED  I 

« ! 

7090  PRINT  I PRINT  s 

7100  WHILE  DOBX-1 

7110  PRINT  "YOU  WISH  TO  RUN  THE  24  HR.  CYCLE  IN  DEHAND  THEREFORE! " • PRINT  " T | 

HE  LOCAL  FILE  IS  STAREL.DAT"  I PRINT  " THE  REMOTE  FILE  IS  STAREL.COM" 

7120  PRINT  " THE  HUN  COMMAND  FILE  18  «HAX  " 

7130  PRINT  * (RESPOND  TO  THE  FIRST  TWO  PROMPTS  FROM  THE  KEYBOARD)  1 

7190  DOBXaO 

7160  WENO 

7170  PRINT  t PRINT 

7180  WHILE  DOBX-2 

7190  PRINT  "YOU  WISH  TO  RUN  THE  24  HR.  CYCLE  IN  BATCH  THEREFORE!"  I PRINT  " TH 
E LOCAL  FILE  IS  •♦NAH24**".DAT"  I PRINT  " THE  REMOTE  FILE  IS  "♦NAM24#^".C0M" 

7200  PRINT  " THE  SUBMIT  COMMAND  IS  SUBMIT  "♦NAM24*+'*.C0M/N0PRINT/0UE«»' IFO" 

7210  DGBXaO  < WEND 

7220  PRINT  ! PRINT  I PRINT  I PRINT  1 PRINT 

7229  ' 

7226  REM  OPEN  FILES  OF  THE  FORM  XXX. COS  AND  XXX. ENO 

7227  ' 

7230  OPEN  NAM24#*".C0S"  FOR  OUTPUT  AS  *3 
7232  WRITE  #3.  PEFPWRICKWlETKWlEPOWlNAMSlWC 
7237  CLOSE  #3 

7240  OPEN  NAH24**".EN0"  FOR  OUTPUT  AS  #3 
7242  WRITE  #3.  WBl W T! TLESi VEHX 

7290  CLOSE  #3 

7291  ' 

7232  RLH  DISPLAY  WARNINGS  OR  ERROR  MESSAGES  (IP  REQUIRED)  BEFORE  ENO 1 NO  PROGRAM 
OPERATIONS. 
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7253  ' 

7260  PRINT  l PRINT  I PRINT 
72/0  PRINT  I LPR1NT 

7260  IF  ERROR* X-l  THEN  PRINT  "SPECIFIC  POWER  IS  OUT  OF  RANGE. " 

7290  IF  ERRORFX-1  THEN  LPRINT  "SPECIFIC  POWER  IS  OUT  OF  RANGE." 

7300  IF  ERRORFX-1  AND  LIMPRTX-t  THEN  PRINT  "WARNING!  Tha  Iteration  limit  In  tha 
Actu«1  Ranaa  calculation  mi  axcaadad.  Tharafora  th«  Actual  Ranaa  may  not  hava 
convaraad. " 

7310  IF  ERRORFX-1  AND  LIMPRTX-1  THEN  LPRINT  "MARNINO!  Tha  Itaratlon  limit  In  tha 
Actual  Ranaa  calculation  was  axcaadad.  Tharafora  tha  Actual  Ranaa  may  not  hava 
convaraad. " 

7320  IF  ERRORFX-1  AND  LIMPRTX-1  THEN  PRINT  " Tha  currant  valua  1 a " I ACTRAN 
7330  IF  ERRORFX-1  AND  LIMPRTX-1  THEN  LPRINT  " Tha  currant  valua  la"! ACTRAN 
7340  " 

7350  REN  END  OF  PROGRAM  OPERATIONS 
7360  ' 

7370  LOCATE  73.1  I PRINT  SPACE«(7S> 

/380  L OCA  IE  23,23»PRINT"**  END  OF  PROGRAM  OPERATIONS  **“ 

7390  LPRINT  TA8<25> "aaEND  OF  PROORAM  OPERATIONS**" 

7400  LPRINT  CHR6I12) 

7410  ' 

7420  REM  RESTART  OPTION 
7430  ' 

7440  LOCATE  25, 30»PRINT"TYPE  RUN  TO  RE-START" 

/4S0  END 

7460  '’a*#*##*****##*#*#*****#***#**##**##*#*####*#**#***#**##******#*##*****#** 

7470  ' 

7480  REM  SUBROUTINE  FRONT-END. 

7490  ' 

7500  '#***♦*#*#*••**#*****♦*#•**#♦*••*#*#*****♦*#•*###**•***•**•#*#«•##*#*#•**# 

7510  IF  TORX-1  OR  TORX-3  THEN  PRINTtl,  "CREATE/LOO  STAREL.COM" 

7520  IF  TORX-2  THEN  PRINTtl,  "CREATE/LOO  " +NAM246+ " • COM " 

7530  IF  DOBX-1  THEN  7570 

7540  PRINTtl.  "OtSIAOl CGKCUSER. STORE JRUNELVEC" 

7550  PRINTtl.  "N" 

7560  PRINTtl,  "" 

7570  PRINTtl,  "E" 

7560  PRINTtl,  "N" 

7590  PRINTtl,  "N" 

7600  PRINTtl,  "N" 

7610  PRINTtl.  "USERDATA" 

7620  PRINTtl,  "ADVEV" 

7622  PRINTtl,  “MDLMOT  ANALYT" 

7625  IF  NUMXOl  THEN  PRINTtl,  "MDLBAT  ACTRNO" 

7630  PRINTtl.  "NAM BAT  "INAMt 
7750  RETURN 

7760  ' a##*#***#***#*#********####***####****#**##*###*##***#*#*****##***###### 

/no  * 

7760  REM  SUBROUTINE  PARAMVAR 
7/90  ' 

7600  ' #**#******#********a#*#***##****#*#**a##**#*###**#*****#*#***#*«#**#*a#a 
7610  PRINTtl,  "PARAMVAR" 

7620  PRINTtl.  "NAMCYC" 

7830  PRINTtl.  "NM 
7640  RETURN 

7850  ' a****#********#*#***#**#**#*#************#*##*******#**#*#*#**##***#**** 

7660  ' 

7670  REM  SUBROUTINE  CYCLE  - 1 
7660  ' 

7890  ' •#**********#**a*#*#***####*r**###*##*a«****a#**#****#*#*#*#**###*«#**»* 

7900  PRINTtl,  Ut(l)+U*<2> 

7910  PRINTtl,  "nark  1.9hr" 

7«?<1  p»rwT#«.  uri  oa 
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7930  PRI.4T91,  -park  21.90hr- 
7940  PRINT#!,  "END" 

7950  P9INT41. -RUN- 
7960  PRINT#!.  "N" 

7975  OOSUB  14250 
79B0  PRINT#!.  "ENO“ 

7990  RETURN 

8000  ' *##••#••••••#•#*•##***#•»##*#*••#**#»•#( 

8010  ' 

8020  REN  SUBROUTINE  CYCLE  - 2 
8030  - 

8040  - ***••*•#•••♦*»*•***•**•**•*******#•**••< 

8030  PRINT#!.  UC1.68 
8060  PRINT#!,  "park  S.Olhr* 

8070  PRINT41 » UC7.164 
8060  PRINT41 » U4(17) 

8090  PRXNT41 , -park  18.60hr" 

8100  PRINT#1»  -ENO- 
8110  PRINT41.  -RUN- 
8120  RETURN 

8130  - #*•*•**••••**•*#•••••*#******•*********4 
8140  " 

8150  REN  SUBROUTINE  CYCLE  - 3 
8160  ' 

8170  - 

8180  PRINT#l,  U4<  1 ) 

8190  PRINT#! * -park  5. 16hr- 

8200  PRINTil*  U#(2>9U#<3>*U#<4)HI*<5>-HJS46> 

6210  PRINT# 1.  "Park  0.75hr" 

8220  PRINT#1.  UC7.168 
6230  PRINT#!,  U#(17) 

8240  PRINT#!,  "park  2.77hr" 

8250  PRINT#!,  UC1.6# 

8260  PRINT#!,  U#47><H»48>HJ#49> 

8270  PRINT#! , -park  14.73hr" 

8260  PRINT#1,  "END" 

8290  PRINT#!,  -RUN- 
6300  RETURN 

8310  ' **#*•#•##*****••***••#**••♦*##•###****•< 

8320  ' 

6330  REN  SUBROUTINE  CYCLE  - 4 
8340  - 

8350  " ####**#•**##*•**♦*••••##••**#**••#*#*•*' 

8360  PRINTM1.  -fadral  1" 

8370  PRINT41 , -park  0.95hr“ 

8360  PRINT#!.  U#(2) 

8390  PRINT#!,  -park  3.44hr" 

6400  PRINT91,  "fadral  1" 

8410  PRINT#1,  -Park  18.79hr- 
8420  PRINT#1.  "END- 
8430  PRINTtl,  -RUN- 
8440  RETURN 

8450  " **•*♦*•****•#••«**•****•*•#•###*••****• 
6460  " 

6470  REN  SUBROUTINE  CYCLE  - 5 
8460  " 

8490  ' •####•••♦•♦•*•#*#♦###•##*####«#*•#••##* 
8500  PRINT#!.  UC1.6# 

6510  PRINT#1.  -park  7.15hr" 

8520  PR1NT41,  UC7. 16# 

8530  PRINf#l.  U#4 1 7) 

8540  PRIN T#1 , -park  l.S6hrM 

OPPA  OBTMKI  I l« 
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8960  PRINT#!,  "Park  6.87hr" 

8970  PRINT#!,  "fadral  1" 

8980  PRINT#!,  "park  7.28hr" 

89*0  PRINT#!,  "END" 

8600  PRINT#!,  “RUN" 

8610  RETURN 
8620  ' 

8630  ' 

8640  REN  SUBROUTINE  CYCLE  - 6 
8690  ' 

8660  ' #•#•*■*•*♦*••••#*♦*•*•**•#*♦*••****♦•**#**•##••***##**********##**■*#*#**# 
8670  PRIN1#1.  "fadral  2M 
8680  PRINT#!,  "park  1.04hr" 

8670  PRINT#!,  UC1.6# 

8700  PRINT#!,  U*(7>aU#<8>+U#<9) 

8710  PRINT#1 , "park  0.87hr" 

8720  PRINT#!,  U#U>fU#<2> 

8730  PRINT#!.  "park  6.83hr" 

8740  PRINT#!.  UC3. 11# 

8790  PRINT#!.  UC12.17# 

8760  PRINT#!,  "nrk  1.63hrN 
8770  PRINT#!,  "fadral  1 " 

8780  PRINT#!,  “dark  H.89hr" 

8790  PRINT#1 .* "END" 

8800  PRINT#1.  “RUN" 

8810  RETURN 

8830  ' 

8840  REN  SUBROUTINE  CYCLE  - 7 
8890  ' 

8860  •'aa#aaa#a***aa*a##a*aa***aaaa*a*a#a*aaaa#*#*a**a#*#aa#a*a#***a*aaa#*#**a*d 

8870  PRINT#!,  "fadral  2" 

8880  PRINT#!,  "park  4.97hr" 

8890  PRINT#1.  U#<1) 

8900  PR I NT# 1.  “park  0.6Ohr" 

8910  PRINT#!.  "fadral  2" 

8920  PR1NT#1.  "park  2.57hr" 

8930  PRINT#1.  "fadral  1" 

8940  PRINT#1,  “park  1.38hr" 

8990  PRINT#!,  "fadral  1" 

8960  PRlNTdl,  “park  12.99hr" 

8970  PRINT#1,  "END- 
8980  PRINTW1.  “RUN" 

8990  RETURN 

9000  'a###**aa#aaaaaaaaaaaa#aaaaaaa#a*aaaa#*##aa#aaaaaa#a*aaaaa»a##*#aa#a*a#**# 
9010  ' 

9020  REN  SUBROUTINE  CYCLE  - 8 
9030  ' 

9090  PRINT#!,  "fadral  2“ 

9060  PRINT#!,  “park  0.82Rr" 

9070  PRINT#1.  "fadral  2“ 

9080  PRINT#1,  "park  O. 19hr“ 

9090  PRINT#!,  "fadral  2" 

9100  PRINT#!,  “park  3.73hr" 

9110  PR1NT#1.  U#41>aU#<2> 

9120  PRlNTdl.  “park  0.216tir“ 

9130  PRINT#!.  UC3. 11# 

9140  PRINT#!,  UC12.17# 

9190  PRINT#1.  “park  16.42hr“ 

9160  PRINT#!.  “END" 

9170  PHIP'41,  “RUN" 
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VIVO  '#**••**#•••*••••*•*•*•***•**••**••*••#*#•**•**#***•****#•*•*****#*»*••*** 

9200  ' | 

V2I0  REN  SUBROUTINE  CYCLE  - 9 

9720  ' I 

9230  ' | 

9240  PRINT*!,  "htwY  4“ 

V29C  PRINT*!,  "6*rk  7. 04 hr" 

9260  PRINT*!,  u#«dr*l  I" 

V270  PRINT*!.  ahlMY  I" 

9280  PRINT*!.  "f«dr*t  !M 
9290  PRINT*!,  "F*rk  0.66hr< 

9300  PRINT*!,  "f#dr*1  1" 

9310  PRINT*1  • "Adrk  14»09hr" 

9320  PRINT*!,  "END" 

9330  PRINT* 1.  "RON" 

9340  RETURN 
9330 
9360  * 

9370  REN  SUBROUTINE  CVCcE  - 10 
9 380  ' 

9390  ' j 

9400  PRINTN1.  "hiMY  4" 

9410  PRINT*!.  "R*rk  6.3hr" 

9420  PRINT*!'  ”Y«dr*1  1" 

9430  PRINT*!,  "hiMY  4" 

9440  PRINT*!.  "fddr*l  1"  1 

943 o PRINT*1.  “^•r*  !3.04hr"  [ 

9460  PRINT*!,  "ENO"  l 

9470  PRINT*1,  "RUN" 

9480  RETURN 

9490  ' ♦*•#***#•••*•****#•*•••#••*#*#*****•##•####***###♦#**•*••#*•****•##****•• 

9300  ' 

9310  REN  SUBROUTINE  CYCLE  - 1! 

9320  ' 

9330  '♦••*•#*•••••••*••••♦*•##•***•**••*••••*•*#**•#•*****•**#**•#*••*#•*****#* 

9340  PRINT*1,  "hlMY  13" 

9330  PRINT*1 , "6«rk  2.61hr" 

9360  PRINT*!,  U*<!)+U*<2> 

9370  PRINT*!,  "6*rk  0.37hr" 

9380  PR I NT* 1 , UC3.8«*0*<9> 

9390  PRINT91,  "p«rl«  17.42hr" 

9600  PRINT*!.  "ENO" 

9610  PR INTO!'  "RUN" 

9620  RETURN 

9630  ♦*——•*•*—»»>♦♦#— «•»*»»»***♦♦****»*»♦»♦»»♦»•»♦»****♦*»»•»••• 

9640  ' 

9690  REN  SUBROUTINE  CYCLE  - 12 
9660  ' 

9670  '•**•••••#****•***•*••**##•##*******#*#*•###•###*#*•«####*#»#*»♦*##*#####* 

9680  PRINT*!,  *f«dr«1  1" 

9690  PRINT*!.  "htMV  16" 

9700  PRINT*!,  "*«rK  l.Ohr" 

9710  PRINT*!,  "h!9*v  7" 

9720  PRINT*!.  "f«dr«l  1" 

9730  PRINT*!,  "p*rk  17.33hr" 

9/40  PRINT*!.  "END" 

9730  PRINT*!.  "RUN- 
9760  RETURN 

9770  ' •*#•#**##••*•#•#••#•*##••••#• **###•*•*#**#•###*#•*##**##♦••##•#*# ##•*#••• 

9780  ' 

9790  REN  SUBROUTINE  CYCLE  - VAN 
9800  ' 

9810  ^MtmttmitMmctMtttmmMm************************************ 
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9020 

9990 

9940 

VOTO 

99*0 

9990 

9900 

9910 

9920 

9930 

9940 

9990 

99*0 

TOAX 

9970 

9900 


PAINT#1*  U#(l)HJC3.tl# 

PRINT#!.  UCI2.1/4 
PRINT#* t "**rh  1.9*r" 

PRINT* I,  U4U>*UC3.11# 

PRINT#!*  UC12. 17# 

RETURN 

* 

REN  SUBROUTINE  VEHICLE  - ORTA 
OPEN  "VEHICLE. OAT"  FOR  OUTPUT  AS  #2 

WRITE  #2.  TLES*  CAPX.  VEHX*  ICWT*  ORAN*  NUNX*  SNUNX*  CDA.  CNUNX*  WIFI.  BHF. 

CLOSE  #2 
RETURN 


9990  "***•**•*«•*#•••••••••♦•••**#•**#**##*•****••##*#•••***••#•***•*•*•#•**•♦ 

IOOOO  ' 

10010  REN  SUBROUTINE  CH  - READ 
10020  ' 

10030  "*••*#•••••*••***•*#*••****••#*•#*•*#•#••*•••*##*•#••*#••##•••*•*#*#*#•*• 

10040  FOR  1*1  TO  3 

10090  READ  CHID 

100*0  NEXT  I 

10070  RETUHN 

1 0090  " 

10000  ' 

101O0  REN  SUBROUTINE  BATN#-  READ 
10110  " 

10120  " •••••••••••••#•»••••••••••••••••••••••••••••••••••*•*••••••••••••••••••• 

10130  FOR  1*1  TO  4 
10140  RIAO  BATNS41) 

10190  NEXT  1 
101*0  RETURN 

10170  "*•*•*****•#••*••#••••**•••••••••»*••**•*#*••****•*•**#•**••**•*#***#*•*•* 


10100  ' 

10100  REN  SUBROUTINE  ACTUAL  - RANOE 
10200  " 

10210  "##*#*#•*•**#**•##•*•*•••#*•**•#•*#*#**#*•####•♦*###*#***•*•#**#•*•#*«##•# 

10220  ERRORP-O 


10230 

IF 

NUNX 

m 

i 

THEN 

103*0 

"BRANCH 

TO 

AL-AIR  DATA  SET 

10240 

IF 

NUNX 

m 

2 

THEN 

10490 

"BRANCH 

TO 

PE-AIR  DATA  SET 

10290 

IF 

NUNX 

m 

3 

THEN 

10020 

"BRANCH 

TO 

LI-FE-S  DATA  SET 

102*0 

IF 

NUNX 

m 

4 

THEN 

111*0 

"BRANCH 

TO 

L1-FE-S2  DATA  SET 

10270 

IF 

NUNX 

m 

9 

THEN 

11200 

/ iMTfthn  i 

TO 

NA-S  DATA  SET 

10200 

IF 

NUNX 

m 

* 

THEN 

11*90 

"BRANCH 

TO 

NI-FE  DATA  SET 

102*0 

IP 

NUNX 

m 

7 

THEN 

12020 

"BRANCH 

TO 

NI-ZN  DATA  SET 

10300 

IF 

NUNX 

m 

0 

THfcN 

12110 

"BRANCH 

TO 

PS-ACID  DATA  SET 

10310 

IP 

NUNX 

m 

* 

THEN 

12400 

"BRANCH 

TO 

PS-ACID/BP  DATA  SET 

10320  IF  NUNX  • 10  THEN  12090  ''BRANCH  TO  ZN-BR2  DATA  SET 
10330  IF  NUNX  • 11  THEN  13220  "BRANCH  TO  ZN-CL2  DATA  SET 
10340  ' 

10390  REN  DATA  TAKEN  FROM  SPECIFIC  POWER  X DGD  CHARTS  FOR  THE  ELEVEN  BATTERY  TYP 
ES 

103*0  'AL.-AIR  DATA  SET 
10370  N«2 
10300  DATA  0. 197 
103*0  DATA  100.90 
10400  RESTORE  10380 
10410  OOSUB  13*20 

1 lA-JOA 
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10430  OOSUO  13440 

10440  GOTO  13740 

10490  ' FI -4 14  DATA  KT 

10440  IF  SNUNX-1  THCM  10900 

10470  IF  SNUHX-2  THCM  10900 

10400  IF  SNUMX-J  THIN  10440 

10490  tF  8NUNXM  THEN  10740 

10900  N - 9 • ' P/I-I.O 

10910  OATA  0.102.107.110. 112 

10920  DATA  100.90.70*90.40 

10930  RE9T0RE  10910 

10940  009U9  13420 

10990  RESTORE  10920 

10940  009U9  13490 

109/0  00 TO  13740 

10900  N - 4 I ' F/f-2. 1 

10990  DATA  0.119.129.131.140.143 

10400  DATA  100.90.00.70.90.40 

10410  RESTORE  10990 

10420  0O8U9  13420 

10430  RESTORE  10400 

10440  OOSUB  13490 

10490  OOTO  13740 

10440  N • 4 • ' P/I-2.4 

10470  OATA  0.134.149.190.197.199 

10490  OATA  100.90.79.70.90.40 

10490  RESTORE  10470 

10700  009U9  13420 

10710  RESTORE  10490 

10720  OOSUB  13490 

10730  OOTO  13740 

10740  N - 4 » ' P/CO.  3 

10790  DATA  0.144.194.142.149.147 

10740  OATA  100.90.90.70.90.40 

10770  AC9T0AC  10790 

10790  OOSUB  13420 

10/90  RES TOME  10740 

10900  GOSU9  13490 

10910  OOTO  13740 

10920  'LI-FE-S  DATA  SET 

10930  IF  8KMU-1  THEN  10970 

10940  IF  SNUHX-2  THEN  10990 

10990  IF  8NUHX-3  THEN  11030 

10940  IF  ENUmOM  THEN  11110 

10970  N • 9 • 'F/C-1.0 

10990  DATA  0.99.124.141.177 

10990  OATA  100.90.70.90.40 

10900  NCSTOAE  10990 

10910  OOSUB  13420 

10920  RESTORE  10990 

10930  00809  13490 

10940  OOTO  13740 

10990  N • 4 I 'P/E-2. 1 

10940  DATA  0.90.110.140.149.172 

109/0  OATA  100.90.99.70.90.40 

10990  RESTORE  10940 

109V0  OOSUB  13420 

llOOO  RESTORE  10970 

11010  OOSUB  13490 

11020  OOIO  13740 

11030  N - 4 • 'P/E-2.4 

11040  DATA  0.90.110.140.149.172 

I 1 A9A  hAf  A IAA  AA  r*>0  •»**.  r.N  A 4-* 


M-88 


110+0  MOTOR*  11040 

11070  OOSUO  13+20 

1 1090  RESTORE  11090 

110+0  OOSUO  13+70 

11100  OOTO  137*0 

11110  IMSI  'P/I *3. 3 

11130  OAT*  0.107,137.179.179 

11130  OAT*  100.70.70.90.40 

11140  RESTORE  11120 

11190  OOSU9  13+20 

111*0  RESTORE  11130 

11170  OOSUO  13*70 

11190  OOTO  137*0 

11170  ' U-FC-92  OAT*  SET 

11200  MSI  OAT*  - - 

11210  OAT*  0.0*110.0.142.9,1*9.0.190.0 

11220  OAT*  100.0. 70.0. 90.0, **.0.90.0 

11230  RESTORE  11210 

11240  OOSUO  13*20 

11290  RESTORE  11220 

112*0  0O9U9  13*70 

11270  OOTO  137*0 

11290  ' NA-t  OAT*  9CT 

11270  IF  8NUHX-1  THIN  11330 

11300  IF  6NUHX»2  THIN  11410 

11310  IF  SNUNX-3  THIN  11470 

11320  IF  SNUHX-4  THEN  11970 

11330  N - * I ' P/I-1.0 

11340  DATA  0.127,139,141.149.190 

11390  OAT*  100.70.90. /O. 90. 40 

113*0  NCSTOAi  11340 

113/0  009U9  13*20 

11390  MtTOM  11390 

11370  009U9  13*70 

11400  OOTO  137*0 

11410  N • 9 l ' P/E-2.1 

11420  OAT*  0.190,172.177.200 

11430  OAT*  100.70.70.90.40 

11440  RESTORE  11420 

11490  00909  13*20 

114*0  RESTORE  11430 

114/0  OOSUO  13*70 

£1490  OOTO  137*0 

11470  N • 9 • ' P/E-2.4 

11900  SATA  0.190.210.224,229 

HStO  OAT*  100.70.70,90.40 

11920  RESTORE  11900 

1 1930  OOSUO  13*20 

11940  RESTORE  11910 

11990  OOSUO  13*70 

119*0  OOTO  137*0 

11970  N » 9 • ' P/E-3.3 

11990  OAT*  0.220.234.244.24* 

11970  OAT*  100.70.70.90.40 
11*00  RESTORE  11990 
11*10  OOSUO  13*20 
11*20  RESTORE  11970 
11*30  OOSUO  13*70 
11*40  OOTO  137*0 
11*90  ' Nl-FE  DATA  SET 
11*00  IF  SNUHX-I  THEN  11700 
11*70  IF  SNUHX-2  THEN  11790 
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11690  IF  SNUHX-*  THEN  11940 

11700  N - 6 l ' P/E-1.0 

11710  DATA  0.49.79.109.120.124 

11720  DATA  100, 97. 90. 70. 90*40 

11730  RESTORE  11710 

11740  OOSUB  13620 

11790  RESTORE  11 720 

11760  OOSUB  13690 

117/0  GOTO  13760 

11780  N • 6*1  ' P/E-2. 1 

11790  DATA  0.79.90.120.141.190 

11800  DATA  100.99,90*70,90.40 

11810  RESTORE  11790 

11820  OOSUB  13620 

11830  RESTORE  11800 

11840  GOSUB  13690 

11890  OOTO  13760 

11860  N - 6 « ' P/E-2. 1 

11870  DATA  0.79.90.120.141.190 

11880  DATA  100.99.90.70*90,40 

11890  RESTORE  118/0 

11900  OOSUB  13620 

11910  RESTORE  11880 

11920  OOSUB  13690 

11930  GOTO  13760 

11940  N - 6 i - P/E-3.3 

11990  DATA  0.90,110.140.160.169 

11960  DATA  100.97,90.70.90.40 

11970  RESTORE  11990 

11980  GOSUR  13620 

11990  RESTORE  11960 

12000  GOSUB  13690 

12010  OOTO  13760 

12020  'WI-ZN  DATA  SET 

12030  N • 8 

12040  DATA  0.0.110.0.140.0.160.0,170.0.180.0.199.0.199.0 

12090  OATA  100.0.92.2.88.0,82.9,78.3,72.7,98.0.90.0 

12060  RESTORE  12040 

120/0  GOSUB  13620 

12080  RESTORE  12090 

12090  GOSUB  13690 

12100  GOTO  13760 

12110  ' PB— ACID  DATA  SET 

12120  IF  SNUHX-1  THEN  12160 

12130  IF  SNUHX-2  THEN  12240 

12140  IF  SNUNX-3  THEN  12320 

12190  IF  SWUHX -4  THEN  12400 

12160  N - 7 l ' P/E-1.0 

12170  DATA  0.90.80.93.109.120.124 

12180  DATA  100.98,90,82.70,90,40 

12190  RESTORE  12170 

12200  OOSUB  13620 

12210  RESTORE  12180 

12220  GCSUB  13690 

12230  GOTO  13760 

12240  N - 6 « ' P/E-2. 1 

12290  DATA  0./0.90.119.139.149 

12260  DATA  100.98.90.70,90.40 

12270  RESTORE  12290 

12280  GOSUB  13620 

12290  RESTORE  12260 

12300  GOSUB  13690 

I't-itrt  fiiirn  ti7tn 


M-90 


12320  N - 6 « ' P/E-2.4 

12330  DATA  0.70.90.119.139.149 

12340  DATA  100.98.90.70.90*40 

12390  RESTORE  12330 

12360  GOSUB  13620 

12370  RESTORE  12340 

12380  GOSUB  13690 

12390  GOTO  13760 

12400  N • 6 l ' P/E-3.3 

12410  DATA  0.89.100.129.149.155 

12420  DATA  100.97.90.70*90*40 

12430  RESTORE  12410 

12440  OOSOB  13620 

12490  RESTORE  12420 

12460  GOSUB  13690 

124/0  GOTO  13760 

12480  ' PB-AC I D/BP  DATA  SET 

12490  IF  SNUHX-1  THEN  12930 

12900  IF  SNUHX-2  THEN  12610 

12910  IF  SNUMX-3  THEN  12690 

12920  IF  SNUHX-4  THEN  12770 

12930  N * 9 I ' P/E-l.O 

12940  DATA  0.279.349.400.426 

12990  DATA  100.90.70.90*40 

12960  RESTORE  12940 

12970  GOSUB  13620 

12980  RESTORE  12990 

12990  GOSUB  13690 

12600  GOTO  13760 

12610  N ■ 9 I ' P/E-1.0 

12620  DATA  0.279.349.400.426 

12630  DATA  100.90. /0.9O.40 

12640  RESTORE  12620 

12690  GOSUB  13620 

12660  RESTORE  12630 

12670  GOSUB  13690 

12680  GOTO  13760 

12690  N - 9 I ' P/E-1.0 

12/00  DATA  0.279.349.400.426 

12710  DATA  100.90. 70.90.40 

12720  RESTORE  12700 

12730  GOSUB  13620 

12740  RESTORE  12710 

12790  GOSUB  13690 

12760  OOTO  13760 

12770  N - 9 l ' P/E-l.O 

12780  DATA  0.279.349.400.426 

12790  DATA  100.90.70.90.40 

12800  RESTORE  12780 

12810  GOSUB  13620 

12820  RESTORE  12790 

12830  GOSUB  13690 

12840  GOTO  13760 

12890  ' ZN-BK2  DATA  SET 

12860  IF  SNUHX-1  THEN  12900 

128/0  IF  SNUHX-2  THEN  12980 

12880  IF  SNUHX-3  THEN  13060 

12890  IF  SNUHXM  THEN  13140 

12V00  N • 6 I P/E-l.O 

12910  DATA  0.39.92.69.83.89 

12920  DATA  100.97,90.70.90.40 

12930  RESTORE  12910 

12940  GOSt  IR 
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12950  RESTORE  12920 

12960  OOSUB  13690 

12970  OOTO  13760 

12900  N - 6 l 'P/E-2. 1 

12990  DATA  0.99.72.96.119.125 

13000  DATA  100.97.90.70*90.40 

13010  RESTORE  12990 

13020  OOSUB  13620 

13030  RESTORE  13000 

13040  OOSUB  13690 

13050  OOTO  13760 

13060  N - 6 I 'P/E* 2.4 

13070  DATA  0.65.09.113.139.147 

13000  DATA  IOC. 98. 90.70. 50.40  * 

13090  RESTORE  13070 

13100  OOSUB  13620 

13110  RESTORE  13060 

) 3120  OOSUB  13690 

13130  OOTO  13760 

13140  N • 6 l 'P/E-3.3 

13150  DATA  0.09.94.125.150.160 

13160  DATA  100.95.90.70.50.40 

13170  RESTORE  13150 

13100  OOSUB  13620 

13190  RESTORE  13160 

13200  OOSUB  13690 

13210  OOTO  13760 

13220  ' ZN-CL2  DATA  SET 

13230  IF  SNUnX-1  THEN  13270 

13240  IF  SNUTIX-2  THEN  13350 

13250  IF  SNUMX-3  THEN  13430 

13260  IF  SNUNX-4  THEN  13510 

13270  N • 5 l 'P/E-1.0 

13260  DATA  0.00.64.06.07 

13290  DATA  100.90.70.50.40 

13300  RESTORE  13200 

13310  GOSUB  13620 

13320  RESTORE  13290 

13330  OOSUB  13690 

13340  OOTO  13760 

13350  N ■ 6 l 'P/E-2.1 

13360  DATA  0.90.96.103.110.114 

13370  DATA  100. 90. 02. 70. 30.40 

13360  RESTORE  13360 

13390  OOSUB  13620 

13400  RESTORE  13370 

13410  OOSUB  13690 

13420  GOTO  13760 

13430  N ■ 6 I 'P/E*2. 4 

13440  DATA  0.110.116.121.127,131 

13450  DATA  100.90.01.70,50.40 

13460  RESTORE  13440 

13470  OOSUB  13620 

13460  RESTORE  13450 

13490  GOSUB  13690 

13500  GOTO  13760 

13510  N * 6 l 'P/E-3.3 

13520  DATA  0.115.121.128.130.131 

13530  DATA  100.90.85. /0.50.40 

13540  RES r ORE  13520 

13350  GOSUB  13620 

13560  RESTORE  13530 

rtftCtm  l ie.  on 
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13960  00T0  13760 
13990  ' 

13600  REN  SUBROUTINE  FOR  READING  THE  SPECIFIC  POWER  DATA  INTO  THE  D<1>  ARRAY. 
13610  ' 

13620  FOR  I - 1 TO  N 
13630  READ  DON(I) 

13640  NEXT  I 
13690  RETURN 
13660  ' 

13670  REN  SUBROUTINE  FOR  READ  I NO  THE  000  DATA  INTO  THE  RID  ARRAY. 

13680  ' 

13690  FOR  I • 1 TO  N 
13700  READ  RANU) 

13710  NEXT  I 
13720  RETURN 
13730  ' 

13740  REH  BRANCH  TO  ERROR  HESSAOE  AND  EXIT  IF  SPECIFIC  POWER  IS  OUT  OF  RANOE. 
13790  ' 

13760  IF  STAX-1  THEN  IF  WKO  < 0 OR  WKO  > DOH<N>  THEN  ERRORFX-l 
13770  IF  8TAX-1  THEN  IF  WKO  < O OR  WKO  > OOH(N)  THEN  13690 
13760  ' 

13790  REN  INTERPOLATION  ALGORITHM. 

13800  ' 

13810  FOR  I ■ i TO  N-l 

13820  IF  WKO  < DOHCI+l)  AND  WKO  > -DOM(I)  THEN  13840 
1^1830  NEXT  I 

13840  000  - (IRANI  !♦!  >-RAN<  I ) ) / (DON!  1+1  >-DOH<  I > > >*<WKO-DOH<  I))  ♦ RANH) 

13890  ' 

13860  REN  COMPUTE  ACTUAL  RANOE. 

13870  ' 

13880  ACTRAN  - D0D4R/100 
13890  RETURN 
13900  RETURN 
13910  ' 

13920  ' 

13930  REH  SUBROUTINE  WE10HT 
13940  ' 

13990  '*##*#*♦**#*•##•#**••*****#****#**••*****•*•**#•*****♦*#***•#**#***#*•• 
13960  WTERM1-  WSH«PANDPL  l WTERN2>BNF-HIH0T14WC0N1«WTR14-WHE1 
13970  WT-WTERH1/I 1—41. 3*WTERH2) ) 

13980  W8-BMF*WT  I PACC-ACC*WB 
13990  WC-WT -PANDPL 

14000  WNOT-I.9C00001*ORADE/MOTSW>»WT 

14010  IF  CAPX-4  OR  CAPX-9  THEN  WCON-I GRADE /C0N8W)*WT 

14020  IF  CAPX-9  THEN  WTF-(0RADE/TRF8W)*WT 

14030  IF  CAPX-2  OR  CAPX-6  THEN  WCON- (CYCLE /C0N8W >*WT 

14040  IF  CAPX-2  OR  CAPX-6  THEN  WTF-< CYCLE /TRFSW)*WT 

14090  IF  CAPX-4  THEN  WTF-(ORADE/TRFSW)*WT 

14060  IF  CAPX-4  AND  VEHX-2  THEN  WTCVT-(ORADE/TRCVTSW)«WT 

14070  IF  CAPX-9  AND  VEHX-2  THEN  WTCVT-I GRADE/ TRCVTSW)*WT 

14071  IF  CAPX-2  OR  CAPX-6  THEN  ETKW-CYCLE4WT/1000 

14072  IF  CAPX-4  THEN  ETKW-0RADE»WT/1000 

14073  IF  CAPX-9  THEN  ETKW-GRADEttWT/1000 

14074  IF  VEHX-2  ANU  CAPX-4  THEN  EP0W-0RA6E*WT/ 1000 
14079  IF  VEHX-2  AND  CAPX-9  THEN  EPOW-CRADE » WT / 1 OOO 

14076  IF  VEHX-2  THI  • ENOKW-EPOW 

14077  IF  VEHX-2  THEM  ENOHP-EPOW/. 7460001 

14078  IF  CAPX-2  OR  CAPX-6  THEN  CKW-CYCLE4WT/1000 

14079  IF  CAPX-4  OR  CAPX-9  THEN  CKW-ORAOE«WT/ 1000 

14080  IF  VEHX-1  THEN  WTCVTl-0  ELSE  WTCVTXORADE/TRCVTSWl*WT 

14081  PEFPWR-.9*0RADE»WT/100O 

14090  IF  VEHX-2  THEN  WHE-(ORADE/HESW)*WT  ELSE  WHE-0 


M-93 


14092  VCT-CKN/2.13 

14093  VTT1F-ETKN/2.0 

14094  IF  VEHX-1  THEN  OOTO  14097 

14093  EN0V0L-EP0N/.3 

14094  OTRANVOL-EPOM/ . 8499999 

14097  REM  DATA  ON  NH/L  ARC  FROM  SYMONS  EQUATIONS 

14098  REM  AL-AIR  NH/L  NAS  TAKEN  FROM  OREY  REPORT 

14100  REM  NI-ZN  NH/L  NAS  TAKEN  FROM  OREY  REPORT 

14101  BV0L-<Q1*MB>/Q2 

14102  PB-1PBC4MB 1/1000 

14109  RETURN 

14110 


14120  ' 

14130  REM  SUBROUTINE  HYBRID 
14140  ' 

14130  'mttHNHHMMM****** 


14131  PRINTS1. 

14132  PRINT#!, 

14133  PRINT#!. 

14134  PRINT#1, 
14139  PRINT#!, 
14157  PRINTS1, 

14138  PRINT#!* 

14139  PRINT#!. 
14160  PRINT#!. 
14162  PRINT#!. 
14164  PRINT#1. 
14166  PRINT61 * 
14168  P.TINT#1. 
14170  PRINT#1» 
14180  PRINT#!. 
14190  PRINT#!, 
14200  PRINI«1, 
14210  PRINT41 . 
14220  PRINT#1, 
14230  PRINT#!, 
14240  RETURN 
14230  '##**•« 


"USERDATA" 

"ADVICE" 

"NAMCLC  CVRT" 
"NAMHE  AUDI 1700" 
"FUELCP  100AL" 
"EFFBC  0.9" 
"F0RK8  0.3" 
"EFCVRT  0.9" 

"NT" I NT 

"MB"INB 

*CDA"lCDA 

"CRDIAL" ICRDIAL 

"PTIRE"»PTIRE 

"CHOENO" 

"N" 

"9" 

•3" 

"11" 

ENOHP 

"NONE" 


14260  ' 

14270  REM  SUBROUTINE  DATA 
14280  ' 

1 4290  ' 


14292 

14293 
14298 
14300 
14310 
14320 
14330 
14340 
14330 
14360 
14370 
14380 
14390 
14400 


PRINT#!, 

PRINT#!, 

PRINT41, 


"SLFDSC" I SLFD 
"ECHO  ON" 
"PACC"IPACC 


PRINT#1,  "HT“IWT 

PRINTWl,  "MB" I MB 

PRINT#|,  "CDA" ICDA 

PRIN I #1 , "CRDIAL" I CRDIAL 

PRINT#1,  "PT I RE  "I  PURE 

PRINIW1,  "PEFPWR  KW“ I PEFPMRl PEFPNR 

PR1NT«1,  "PMXANL"«-STR*<PHXANLM-MKN" 

PRINIttl.  "PKEFF " I PKEFF I PKEFF 
PRINI41.  "EFFCD"IEFPCO 

IF  NUMX04  THEN  PR1NT«1.  "CH"ICH1 1 >«CH(2MCH(3> 
RETURN 
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BLOCK  DIAGRAM 


INPUT:  DO  YOU  WISH  TO  RUN: 

1.  NEW  VEHICLE  USING  URBAN  OR  HIGHWAY  CYCLE? 

2.  PREVIOUS  VEHICLE  USING  24-h  CYCLE? 

3.  REDESIGN  OF  VEHICLE  BY  CHANGING  BMF? 


1.  (NEW  VEHICLE) 


1,  2 
OR  3? 


(24-h  CYCLE) 
>.  (REDESIGN) 


OPEN  THE  FILE:  VEHICLE.DAT 
FOR  INPUT  AS  #2 


2 OR  3 

•> 


INPUT: 
ENTER  BMF 


PRECEDING  PAGE  BLANK  NOT  FILMED 


blank 


o 
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99 


M-100 


IKumto*.. 


E 


24-h 

CYCLE 


f DO  YOU  WISH  > 
TO  MAKE  ANOTHER 
w RUN?  j 


NEW 

VEHICLE 


NEW  VEHICLE 
OR 

REDESIGN 


' DO  YOU  WISH  \ 
TO  RUN  ELVEC 
FOR  THE  VEHICLE 
SIZED  IN  THE 
, LAST  RUN?  / 


REDESIGN 


COMPUTE 

CDA 


COMPUTE 

PTIRE 

PKEFF 

CRDIAL 

SOME 

COMMON 

CYCLES 
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COMMAND  FILES 


PRECEDING  PAGE  BLANK  NOT  FILMED 


*U«i 


5F  *•  '»*« 


* TYPE  MAX.COM 


set  noverifv 

ON  CONTROL- Y THEN  *0070  EXIT 

in*  rsp  "Do  vou  want  to  see  1 July  message?  " 

if  rsp.e*s.  " Y"  then  TYPE  SIAO: tGRCUSER. ST0RE3MSG284. LIS 

in*  rsp  "BULK  DATA  FILE  TO  BE  USED (NULL  RETURN  FOR  DEFAULT)? 

if  rsp.e*s."“  then  goto  default 

assign/user  'rsp'  for 009 

goto  continue 

default: 

assign/USER  SIAO: [GRCUSERJbulk.dat  for-009 

continue: 

assign/USER  sav. dat  for 012 

assign/USER  S7AREL.COM  forOOS 

assign/USER  sys*outPut  for 006 

ON  ERROR  THEN  * 0070  EXIT 
run  SIAO: L0RCUSER3ELV.EXE 
EXIT: 

del  sav. dat;* 


for-009 

for  012 
forOOS 
for 006 


* TYPE  RUNELVEC.COM 


set  noverifv 

ON  CONTROL- Y THEN  *GOTO  EXIT 

in*  rsp  "Do  you  want  to  see  1 Jul  message?  " 

if  rsp. e*s. "Y"  then  TYPE  SI AO: CGRCUSER. STORED MSG284. LIS 

in*  rsp  "BULK  DATA  FILE  TO  BE  USED ( NULL  RETURN  FOR  DEFAULT)? 

if  rsp.e*s.""  then  goto  default 

assign/user-  ’rsp'  for-009 

goto  continue 

def au 1 t : 

assign/USER  SIAO: CGRCUSER 7 bul k. dat  for009 


continue: 

assign/USER  sav. dat 
assign /USER  s vs  * c omma n d 
assign/USER  svs*c<utput 
ON  ERROR  THEN  * GOTO  EXIT 
run  SIAO: CGRCUSER Jelv.  exe 
EXIT: 

del  sav. dat;* 


for  009 

f or-012 
forOOS 
for 006 


preceding  page  blank  not  filmed 


am 
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GLOSSARY 


PRECEDING  PAGE  BLANK  NOT  FILMED 

* 


UlttltlttMUJt  mm 
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GLOSSARY 


NAME 


A 


ACC 

ACCN 

ACTRAN 

ANS$ 


ANSI! 


DEFINITION 

coefficient  of  the  battery 
mass  fraction  (BMF)  - ELVEC 
range  (R)  equation,  viz.,  BMF3 
AR+  B 

Defined  by  PACC  3 ACC*WB 

Acceleration  power  (kw) 

Actual  range  (miles) 

String  variable  which  obtains 
the  response  to  question  "DO 
YOU  WISH  10  MAKE  ANOTHER  RUN? 
If  not  Y or  N (including  lower 
case  forms)  then  try  again. 

String  variable  which  obtains 
the  response  to  the  quescion 
"DO  YOU  WISH  TO  RUN  ELVEC 
FOR  THE  VEHICLE  SIZED  IN  THE 
LAST  RUN?"  If  not  Y or  N 
(including  lower  case  forms) 
then  try  again. 


B 


BATN$  (I) 

BMF 

BMFIN 

BMF1 
BMF  2 

BVOL 


Coefficient  of  the  battery 
mass  fraction  (BMF)-ELVEC 
range  (R)  equation  viz.,  BMF  = 
AR  + B 

Battery  name 

Battery  mass  fraction 

Battery  mass  fraction  input 
by  the  user  in  the  redesign 
mode. 

BMFl  3 GRADE/ PD 

BMF  value  in  the  file 
VEHICLE.DAT 

Battery  volume  (1) 


PRECEDING  PAGE  PLANK  NOT  FILMED 


M-Ul 


CAPS 


CDA 

CH(I) 

CKW 

CNUMZ 


CONSW 

CRDIAL 


Vehicle  capacity 
Drag  coefficient 
CH-coe f f ic ient 8 
controller  power  (kw) 

Cycle  type  number: 

1 ■ Federal  cycle 

2 * Highway  cycle 

3 * Van  cycle 

Controller  specific  weight 
ELVEC  variable 


CYCLE  Cycle  power 

CYCLES  Sets  number  of  cycles  in 

24-hour  cycle 

CYt(l)  String  variable  used  to  label 

cycle  number  in  the  TITLE 
field  of  the  ELVEC  program 


DQBX  Flag  which  determines  whether 

24-hr.  cycle  will  be  run  in 
demand  or  batch.  (If  set  to 

1 then  demand;  if  set  to 

2 then  batch). 

DOD  Cut  off  depth  of  discharge 

DOM(I)  Specific  power  values  for 

the  tables  in  the  subroutine 
which  computes  actual  range. 

DRAN  Desired  range  (miles) 
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EPCVRT 


efficiency  of  CVT 

battery  charger  efficiency 

charge~discharge  efficiency 

defined  by:  ENGHP-ENGKW/O. 746 

for  hybrids  defined  by 
ENGKW  - EPOW 

ENGVOL  engine  volume  (1) 

EPOW  defined  by:  EPOW-GRADE*WT/ 

1000 

ERRORS  Flag  set  equal  to  1 if  the 

specific  power  is  out  of 
range 

ETKW  equal  to  GRADE*WT/1000 

or  CYCLE*WT/1000 


EFFBC 

EFFCD 

ENGUP 

ENGKW 


FBRKS  fraction  of  braking  energy 

dissipated  by  friction 

FUELCP  fuel  capacity 

GRADE  grade  power  (kw) 

GTRANVOL  ICE  transmission  volume  (1) 


HESW 

LIHPRTZ 


MOTSW 


Heat  engine  specific  power 
(w/kg) 

Flag  set  equal  to  1 if  the 
iteration  limit  is  exceeded 
in  the  iteration  procedure  for 
actual  range. 

Motor  specific  power  (w/kg) 

Motor  type  (not  operational 
in  this  version  of  the 
program) 


Ml 


N Che  number  of  points  used  Co 

define  Che  SPECIFIC  POWER  X 
DOD  funecions.  The  value 
of  N is  dependenC  upon 
battery  type.  However,  it  is 
fixed  for  each  run. 

NAM$  String  variable  which  obtains 

the  current  battery  name. 

NUMX  Battery  type  number.  An 

integer  input  variable  which 
directs  the  program's 
branching  to  the  correct  data 
set  for  the  desired  battery. 
Must  obtain  a value  between  1 
and  11  (inclusive)  or  try 
again. 


PACC 

Accessory  power  (kw) 

PANDPL 

Passenger  and  payload  wt  (kg) 

PB 

Battery  power  (kw) 

PBC 

constant  in  battery  power 
equation 

PD 

power  density 

PEt(l) 

power /energy  ratio 

PTIRE 

pressure  of  tires  (lbs/sq.in. ) 

PTORX 

value  of  the  variable  TORZ  for 
"previous"  run. 

Q1 

Constant  in  battery  volume 
equation 

Q2 

Constant  in  battery  volume 
equation 

RAN(l) 

Cut  off  DOD  values  for  the 
tables  in  the  subroutine 
which  computes  actual  range. 
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v ft 


RFX 


SLFD 

SNUMX 


TLEt 

TORZ 


TRCVTSW 

TRFSW 

VCX 

VEH% 

VMOT 

VTT1F 

WCON 

WCON1 


Internal  integer  variable  such 
that  if  it  is  equal  to  zero 
then  the  header  of  the  output 
report  is  printed,  if  it  is 
equal  to  one  then  the  header 
is  not  printed. 

self  discharge  (kw-hr) 

Integer  variable  which  sets 
the  power  to  energy  ratio 
according  to: 

1 means  P/E  ■ 1.0 

2 means  P/E  “2.1 

3 means  P/E  “2.4 

4 means  P/E  “ 3.3 

Title  of  run 

Integer  variable  with  the 
following  settings: 

1 means  new  vehicle 

2 means  24-hr.  cycle 
using  previous  vehicle 

3 means  redesign  by  entering 
BrtF. 

CVT  specific  weight 

fixed  transmission 
specific  weight 

controller  volume  (1) 

vehicle  type  number 

1 “ electic 

2 “ hybrid 

motor  volume  (l) 

EV  transmission  volume  (l) 
controller  weight  (kg) 
term  in  basic  weight  equation 


\ 
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WHE 

weight  of  the  heat  engine  (kg) 

WHEl 

term  in  basic  weight  equation 

WKG 

specific  power  (w/kg) 

WMOT 

Motor  weight  (kg) 

WSH 

shell  weight  (kg) 

WTCVT 

CVT  weight  (kg) 

WTCVT1 

term  in  basic  weight  equation 

WTF 

Fixed  transmission  weight  (kg) 

WTF1 

term  in  basic  weight  equation 

WTR1 

term  in  basic  weight  equation 
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O ' AVENEFtUY.OOl  - COM  If  INC  D FkUOKMM  FO H 2.  4.  Si  PASSE NOCK  AND  VAN 
10  ' SU8RUUI INC  LIStINO 

300  1NFUT  *EN!EH  FILE  NAME  OF  THE  FORM  XXX. ENO  * “ . ENG* 

309  ' 

390  OUSUB  29000  ' INITIALIZATION  ROUTINE 
393  ' 

400  OPEN  ENO*  FOR  INPUT  AS  *3 
410  INPUT43.  HB*MT.T1T*.VEM 
420  CL0SE4J 
430  ' 

440  REN  REQUEST  ELVEC  OUTPUT  FILE 
490  ' 

4*0  INPUT  -ENTER  ELVEC  OUTPUT  FILE  NAME  (NULL  IF  NO  FILE  IS  BEING  USED)  I M « JRB* 
4/0  IF  JRB*"-*  THEN  ELFLAG"0  ELSE  ELF LAO" 1 

479  IF  ELF  LAO- 1 THEN  OPEN  JRB*  FOR  INPUT  AS  92 

477  IF  ELFLAG-1  THEN  1NPUT«2.  DUMMY1 . DUMNY2.RAN0EU ) . ACTRNOt 1 > .DODMX.PDMAXT 1 ) . 
WHPMC 1 ) .GPM< 1 ) . DAT*(i ) . TIH*<1 ) 

480  CLOSE  92 

510  PRINT  -SELECT  THE  VEHICLE  AS  FOLLOUSI ” 

520  PRINT  - 1 - TWO-PASSENGER  - 9 CYCLES" 

530  PRINT  - 2 - FOUR-PASSENGER  250*  - 12  CYCLES" 

940  PRINT  " 3 - FIVE -PASSENGER  100*  - lO  CYCLES" 

990  PRINT  “ 4 - FIVE-PASSENGER  150*  - 11  CYCLES" 

5*0  PRINT  - 3 - FIVE-PASSENGER  230*  - 12  CYCLES" 

570  PRINT  - * - VAN  - 4 CYCLES" 

580  PRINT  - 0 - EXIT  PROGRAM  - RETURN  TO  BASIC- 

390  INPUT  -PICK  A NUMBER  ”,NPAS 

*00  IF  NPAS-0  THEN  CL USE I ENO 

*10  IF  NPAS>*  OR  NPAS<1  THEN  CLSlGOTO  510 

*20  U0SU8  23000  ' VEHICLE  TYPE  AND  INFO  SUBROUTINE 

*29  RESTORE 

*30  ON  NPAS  GOSUB  1000. 2000. 3000. 4000* 5000. *000 
*40  CLSlGOTO  910 

1000  '$  1000  SUBROUTINE  - 2 PASSENGER  - 9 CYCLE 
1010  7*9 

1020  OOSUB  10000  ' READ  CAR  DATA 

1030  IF  ELFl.AG-0  THEN  GOSUB  13000  ELSE  GOSUB  27000 
1040  IF  VEM-1  THEN  GOSUB  1100 
1090  IF  V£H"2  THEN  GOSUB  1300 
10*0  RETURN 

1100  2 PASSENGER  - 9 CYCLE  - VEH  • 1 

1110  GOSUB  14000  ' PRINT  1 SUBROUTINE 
1120  GOSUB  1*000  ' PRINT  3 SUBROUTINE 
1130  GOSUB  17000  ' PRINT  4 SUBROUTINE 
1190  GOSUB  18000  ' PRINT  3 SUBROUTINE 
11*0  GOSUB  24000  ' CLOSING  SUBROUTINE 
1170  RETURN 

1900  " 2 PASSENGER  - 9CYCLE  - VEH  - 2 
1910  GOSUB  19000  ' PRINT  2 SUBROUTINE 
1920  GOSUB  1*000  ' PRINT  3 SUBROUTINE 
1930  GOSUB  1/000  ' PRINT  4 SUBRUUtINE 
1990  GOSUB  18000  ' PRINT  5 SUBROUTINE 
19*0  GOSUB  20000  ' PRINT  * SUBROUTINE 
1970  GOSUB  24000  ' CLOSING  SUBROUTINE 
1980  RETURN 

2000  S 2000  SUBROUTINE  - 4 PASSENGER  - 12  CYCLE  - 250* 

2010  Z-12 

2020  GOSUB  lOOOO  " READ  CAR  DATA 

2030  IF  ELF LAO-O  THEN  GOSUB  13OU0  ELSE  GOSUB  27UU0 
2040  IF  VEH-1  THEN  OOSUB  2IUO 
2050  IF  VEH-2  I HEN  OUSUB  2900 
20*0  RE  I URN 

2100  ' 4 PAhSPNOPR  - 19  t vft  a - ->RHm  - OFM  - i 
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S.llO  OOSUB  14000  ' PRINT  1 SUBROUTINE 
2120  OOSUB  16000  ' PRINT  3 SUBHUUI  INE 
2130  GOiUB  1/OUO  " PRINT  4 ST JBROU T 1 NE 
2190  gosub  ibooo  - prini  s subroutine 

2160  GUSUB  24000  ' CL OS I NO  SUBHUUI 1NE 
21/0  Kfc IURN 

2900  '4  PASSENGER  - 12  CYCLE  - 250*  - VEH  - 2 
2M0  GUSUB  1 3ooO  ' PRINf  2 SUBROUIINC, 

2920  GOSUB  16000  ' PRINT  3 SUBHOUUNE 
2930  OOSUB  1/000  ' PH INI  4 SUsROUIlNE 
2990  GOSUB  1BOOO  ' PRINT  S SUBKOUT INfc 
2960  GOSUB  20000  ' PRINT  6 SUBROUTINE 
2970  GU8UB  24000  ' CLOSING  SUBROUTINE 
2900  RETURN 

3000  'S  3000  SUBROUTINE  - 9 PASSENGER  - 10  CYCLE  - 100* 
3010  2-10 

3020  OOSUB  lOOOO  ' READ  CAR  DATA 

3030  IP  ELKLAG-O  THEN  OOSUB  13000  ELSE  OOSUB  2/O00 
3040  IF  VEH-1  THEN  OOSUB  3100 
3090  IF  VEH-2  THEN  OOSUB  3900 
3060  RETURN 

3100  '9  PASSENGER  - 10  CYCLE  - lOO*  - VEH  ■ 1 

3110  OOSUB  14000  ' PRINT  1 SUBHUUI 1NE 

3120  OOSUB  16000  ' PRINT  3 SUBROUTINE 

3130  OOSUB  17000  ' PRINT  4 SUBROUTINE 

3190  OOSUB  18000  ' PRINT  9 SUBROUTINE 

3160  OOSUB  24000  ' CLOSING  SUBROUTINE 

3170  RETCTifi 

3900  '9  PASSENGER  - lO  CYCLE  - lOO*  - VEH  » 2 

3910  OOSUB  19000  ' PRINT  2 SUBROUTINE 

3920  OOSUB  *6000  ' PRINT  3 SUBROUTINE 

3930  OOSUB  1/000  ' PRINT  4 SUBROUTINE 

3990  OOSUB  18000  ' PRINT  9 SUBROUTINE 

3960  OOSUB  20000  ' PRINT  6 SUBROUTINE 

3970  OOSUB  24000  ' CLOSING  SUBROUTINE 

3980  RETURN 

4000  S 4000  SUBROUTINE  - 9 PASSENGER  - II  CYCLE  - 190* 
4010  2-11 

4020  OOSUB  lOOOO  ' READ  CAR  DATA 

4030  IF  ELFLAO-O  THEN  OOSUB  13000  ELSE  OOSUB  27000 
4040  IF  VEM— I THEN  GOSUB  4100 
4090  IF  VEH-2  THEN  OOSUG  4900 
4060  RETURN 

4100  '9  PASSENGER  - II  CYCLE  - 190*  - VEH  • 1 

4110  OOSUB  14000  ' PRINT  1 SUBROUTINE 

4120  OOSUB  16000  ' PRINT  3 SUBROUTINE 

4130  'OOSUB  17000  ' PRINT  4 SUBROUTINE 

4190  OOSUB  16000  ' PRINT  9 SUBROUTINE 

4160  OOSUB  24000  ' CLOSING  SUBROUTINE 

4170  RETURN 

4900  '9  PASSENGER  - it  CYCLE  - 190*  - VEH  ■ 2 

4910  OOSUB  1SVOO  ' PH  INI  2 SUBROUTINE 

4920  OOSUB  16000  ' PRINT  3 SUBRUUI1NE 

4930  OOSUB  1/000  " PRINT  4 SUBROUTINE 

4990  OOSUB  18000  ' PRINT  9 SUBROUTINE 

4960  OOSUB  20000  ' PRINT  6 SUBROUTINE 

4970  OOSUB  24000  ' CLOSING  SUBROUTINE 

4980  RETURN 

9000  'S  9000  SUBROUTINE  - 9 PASSENGER  - 12  CYCLE  - 290* 
9010  2-12 

9020  OOSUB  lOOOO  ' KEAU  CAR  DATA 

9030  IF  ELF LAG-0  THEN  OOSUB  13000  ELSE  UOSUB  2/000 
9040  IK  VEH— l THEN  OOSUB  9100 
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3030  IF  VEH*  2 IHtN  OOSUB  5500 
5060  KfclUKN 

5100  ' 5 PA*Sfc  NUCR  - 12  CYCLE  - 2518.  - VEM  « 1 

5110  UOSUB  14000  ' F-HINT  1 SUHRUOI  INk 

5120  OOSUB  16000  ' HR  IN  I 3 SUBHUUI  INk 

3130  'OOSUB  1 70*10  ' F'NINT  4 SUHHUO I 1NE 

5150  OOSUB  1BOOO  " PRINT  5 SUBHuUMNE 

5160  OOSUB  24000  ' CLOSING  SUBHUUI 1NE 

5170  RETURN 

5500  '5  PASSENUER  - 12  CYCLE  - 2506  - VEH  » 2 

5310  OOSUB  15000  ' PHINT  2 SUBROUTINE 

5520  00*08  16000  ' PHINT  3 SUBROUTINE 

5530  GOsUB  17000  ' PHINT  4 SOBHOOTINE 

5530  OOSOB  1 8000  ' PHIN1  3 SOBHOOTINE 

3560  OOSOB  20000  ' PHINT  6 SUBROUTINE 

5570  OOSOB  24000  ' CLOSING  SOBHOOIINE 

5580  RETURN 

6000  'S  6000  SUBROUTINE  - VAN  - 4 CYCLE 
6010  2*4 

6020  OOSUB  11000  ' READ  VAN  DA  I A 

6030  IF  ELF LAO* 0 THEN  00*08  13000  ELSE  OOSOB  27000 
6040  IF  VEH*1  THEN  OOSUB  6100 
6050  IF  VEH-2  THEN  OOSUB  6300 
6060  RETURN 

6100  'VAN  - 4 CYCLE  - VEH  ■ 1 
6110  OOSUB  14000  ' PR1NI  1 SUBROUTINE 
6120  OOSOB  16000  ' PRINT  3 SU8NUUIINE 
6130  OOSOB  17000  ' F'HINI  4 SOBHOOTINE 
6150  OOSUB  16000  ' PRINT  5 SUBROUTINE 
6160  OOSOB  24000  ' CLOSING  SUBROUTINE 
6170  RETURN 

6500  'VAN  - 4 CYCLE  - VEH  - 2 
6510  OOSOB  15000  ' PHINT  2 SUBRUUTIN 
6520  OOSUB  16000  ' PHINT  3 SUBROUT 
6530  OOSOB  17000  ' PHINT  4 SOBHOOTl' 

6350  OOSOB  18000  ' PRINT  5 SUBRUUTIN 
6560  OOSOB  20000  ' PRINT  6 SUBROUTINE 
6570  OOSUB  24000  ' CLOSING  SUBROUTINE 
6580  RETURN 

lOOOO  'CAR  DATA  READ  SUBROUTINE 

10O10  FOR  1*1  TO  2 

10020  READ  N( 1 1 • DAYS! 1 ) I NEXT  I 

10030  DATA  4.2.57 

10040  DATA  7.45.50 

10050  DATA  8.2.43 

1TT060  DATA  16.66.32 

10070  DATA  22.35.63 

10080  DATA  27.27 

10090  DATA  45.4.2V 

lOIOO  DATA  59. 6. 18 

10(10  DATA  73.6.19 

10120  DATA  105.3.8 

1UI 30  DATA  158.4.7 

10140  DATA  250.4 

10150  RE  I URN 

1 lOOO  ' VAN  DATA  READ  SUBROUTINE 
ItOOl  IK  1 1*251  DAYS! 1 1*163 

11002  IK  21-351  DAYS! 2 1*62 

11003  HI 3 ) *431  LAYS < 3 1 *25 

11004  N( 4 )*S3I DAYS (4 1*1 2 
1101O  FOR  1-1  TO  2 

11020  'READ  H<  I l.DAYSUMNEXI  1 
in»  « i - DA  I A 25.  163 
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11040  IWtrt  39.62 
1 1090  'OAfA  49.29 
11060  UATA  99.12 
110/0  RETURN 

130U0  VEHICLE  L UNSURP  1 1 UN  AND  KMNOfc  SUHHOUIINE 

13010  PH  IN  I "INPUT  UK  HANUE . ENEHUY  T.UNSUHP  I ION  AND  HPO  EUR  EACH  CYCLE" 

13020  LPH1NI  "CYCLE"*  "R*TNOE"."  WH/HlLE" , "MPU“ 

13030  K*  I - 1 TO  l 

13040  PHiNT  -CYCLE  "IIUNPUT  KANOEU1  . MHPNI  l » ,MPU<  1 1 
13090  LPNINt  1*  RANCEm.WHPmi}.NPU(ll 

13060  NEXT  I 
13O70  RE1UNN 

14000  'P2INT  1 SUBROUTINE 
14010  HUH  1-1  TO  l 
14020  NILES! I )-N( I IttDAYS! 1 1 
14030  EL(I)-WHPH(1I*H1LES(1  1/1000 

14040  IP  NT  I ).>HANCJE(  1 1 THEN  NILES!  I l-HANUEl  1 >*OuUHX*OAYS(  1 ) 

14090  000 ( 1 >«H< 1 1 /HANUE! 1 1 

14060  IF  H!Il>RANUEil)  THEN  000(1 l-UOUNX 

140/0  D-O+HlLEsl 1 1 IE-E+EL! 1 ) 

14080  CYCLES! 1 1-000! 1 >«UAYSi 1 1 
140V0  X-X*CYCLES(I1 
14100  NEXT  I 

14110  L PHINT  *crcl«-«-»ih/»ll#"‘-iil*»/«l*v"i"4lYl"t"(«4  Mi  !•»"•  “k«h-*  "UOD"*  **<vcl4»" 

14120  POH  1-1  TO  l 

14130  PR1N1  I « WMPH! 1 I . H! 1 1 • UAYS< I ) . NlLES< 1 1 • EL! 1 1 . 000 < 1 1 • CYCLES! 1 1 
14140  L PHINT  I • WHPH!  1 1 «H! 1 1 . DAYS!  1 ) « NILES ( 1 > *EL(  1 1 *000!  1 1 • CYCLES ( 1 1 
14190  NEXT  1 
14160  HE TUHH 

1SOU0  'PHINT  2 SUBROUTINE 
19010  FOR  1-1  TO  2 

19020  K-RANOE! I IftDODNXiHILES! 1 >-DAYS< ll*H< 1 1 
19030  IF  H ( I ) >K  THEN  OOSUB  19900  ELSE  OOSUB  19100 

19039  NEXT  I 

19037  OOSUB  19800  ' PRINT  2-3  SUBROUTINE 

19040  RETURN 

19100  •’PRINT  2-1  SUBROUTINE 

19110  ONI  1 1-OiEH! 1 )-N< 1 1 «EL< I l-WHPNI 1 l*H( I 1*0AYS! 1 1/1000 
19120  OOOI11-NII 1/HANOEI 1 > 

19130  CYCLES! 1 1— DOOI I 1*DAYS( I ) 

19140  RETURN 

19900  'PRINT  2-2  SUBROUTINE 

19910  ON!  1 l-N!  D-KIEI.1 1 1-K4MHPH!  I 1*DAYS!  1 1/1000 
19610  EH! 1 1-KlOOD! I 1-DUONX 
19/20  RETURN 

19800  'PRINT  2-3  SUBWOUT INE 

19809  LPR1NT  -cycU*.-6h/Ml-,M4  Ml“."f  Ml "Ml/dry". "44V»"« "CUM  Ml". "k8h". “Ood". “CYCU*" 
19808  FUR  1-1  TO  Z 

19810  CYCLES! ll-U00tll*DAYSt 11 
19812  ON (91-21.4 

19814  ON! 101-44. 8 
19814  UN! 1 1 1-106. 2 
19818  ONI  121-177.8 
19817  IF  KV  THEN  OHtll-O 

19820  D-D+H1LESI I HE-E+EL!  III  X-X+CYCLES!  1 HO-O+OH!  I l-OAYSI  1 HP-P+ENI I ) •BAYS 1 1 1 
19H60  L PRINT  I (UHPNI I ) « EN( I > t ON! IliNIIli DAYS! 1 1 « NILES 1 1 1 1 ELI  1 1 • DOOI 1 1 • CYCLES 1 1 ) 

198/0  PRINT  I «WHPH( I I*  EH! 1 1 *0N( 1 1 iNl 1 1 * DAYS! I ) « NILES! 1 ) tEL! lit 0001 1 1 (CYCLES! 1 1 
19880  NEXT  1 
198V0  RETURN 

16000  'PRINT  3 SUBROUTINE 

16010  LPRINT  “ 

160/0  PRINT  D1  "Mi  !•*" . El  “Lw»-t«/  *"  • X.  "cyc  !•*“  .0.  "FULL  NILES".  P.  "Hill  On  oToctric" 
i/..rr<r*  i prtnt  fit  «».i  !»««.*- i y.  mti  fc".p,  «.*.»  «•>. 
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16040  FUEI.-U/DlfcNFR-P/D 

16090  LPRINI  "Elxtrlc. . . “»FNER.  " Fu#l . . . ".FUEL 

16060  PH  IN  I “Electric,. . "«ENF.R»  * Fu#  I . . , " . FUEL  ORIGINAL  PAGF  IQ 

160/0  LPRINT  "Annuel  travel  in  Ka-“fU«l.6  as-  - 13 

16000  DCuN«0*l.6iET».H«lOeDL;uNiWL-WI-l.ii6iGA&-0  ^ rUUK  QUALITY 

16090  'LPRINT  "I1PO-U-"IMPOUI  "MPU-M-"lNPOH 
16100  REIMAN 

17000  PRINT  4 SUBROUTINE 
1/OtO  FOR  1-1  TO  Z 
17012  GM<9>-21.4 
17014  GMUOI-44.8 
17016  GM< 1 1 >-106. 2 

17018  OMI 121-19/. 8 

17019  IF  l<9  THEN  0M<  I >-0 

17020  IF  K9  THEN  FC(I>-0 

17029  ' THE  FOLLOWING  ASSIZES  METHANOL  FIFO  INPUT  - UNADJUSTED  FROM  ELVEC 
1/0310  IF  I >8  THEN  FC<  1 1-DAYSU  »*GMt  I >/<l-lPU(  I 1*1.  1 ) 

17040  OAS-GAS*<FC<  1 1/1. 81 
1/090  NEXT  I 

17060  LPRINT  “Vehicle  Curb  weieht  in  ke-“ l WC. “weieht  of  the  B*tterY*"*WB 
1/070  HE  I URN 

18000  'PRINT  9 SUBROUTINE 

18020  LPRINT  "B*tterv  Cvcie  LiFe»“TBCLi “CYclee" 

18030  LPRINTA'Dertfi  oF  tfiichtr»«/4vtriM  0«1  lj^"t X/369 
18040  XJ63-X/36i  “ ”* 

18090  RETURN 

20000  'PRINT  6 SUBROUTINE 

20010  LPRINT  “ANNUAL  GASOLINE  CONSUMPTION* “I GAS I "GALLONS" 

20020  GALN-GASM.8iLlTM»uALH«3.8 

20030  LPRINT "LITERS  OF  METHANOL-" I LI TMl “GALLONS  OF  METHANOL-" I GALM 
20040  RETURN 

23000  'VEHICLE  TYPE  ANO  INFO  SUBROUTINE 
23010  REH  • INPUT  “PRINT  THE  TITLE'lTlTB 

23020  REM  • INPUT  "SELECT  VEHICLE  - 1 FOR  EV  , 2 FOR  HV“I VEH 

23030  REM  • INPUT  'PRINT  WT.WB'lUT.WB 

23090  INPUT  "BATTERY  CYCLE  LIFC'IBCL 

23070  IF  EL  FLAG- O THEN  INPUT  "<WI  DODUDOUhX 

23090  LPRINT  TIT8 

23100  RETURN 

24000  'CLOSING  SUBROUTINE 

24030  OPEN  -ENERGY. UAT“  FOR  OUTPUT  AS  81 

24040  WRITE  81.  ETKM.E. tNER.FUEL.DCON.LITM.BLL. X369.WB. T 118. VEM 

24090  CLOSE  81 

24060  LPRINT  CHR8U2) 

240/0  RETURN 

29000  'INITIALIZATION  SUBROUTINE 
29010  WIDTH  “LPT  1 1 “ . 160 
29020  LPRINT  CHR8I27 M “X“f 

29030  DIM  AFMl 12) . EFM( 1 2 ) • FC< 12 > • CYCLES! 121.  UOLM  12 ) • MPG( 12) • THANGE( 12) 

29040  DIM  M<  12  > • DAYS!  12  > • RANGE  < 12  > • WFtFTK  12) . MILES!  12)  • ELI  12)  <GM(  12)  .EM<  12) 

29049  DIM  ACTRNGI 12 > . PDMAX  < 12 1 .GPMU2)  . DAT8<  12)  « 1 1M»<  12 > 

29090  D-OIE-Ol X-0IG«0iP-0 
29060  CLS  • FEY  OFF 
29070  RETURN 
2/000  ' 

27010  'SUBROUTINE  AUTOMATIC  INPUT  OF  RANOE.  ENERGY.  UUDMX  AND  MPG 

2/020  ' 

2/022  PRINI  t LPRINI 
27023  LJH8-< 132-LEN( JRB8) )/2 
2/024  PRINT  IABILJHBI JHU* 

2/029  LPRINI  lADtLJRUIJNBS 

2/026  PRINI  I LPRINT 

2/030  OPEN  JRB8  FUR  INPUI  AS  82 

2/040  INPUI  82.  DUMHY1.DUMHY2.RANOM1  I.Al  f PNG < 1 > . DuUMX  . FDHAX  < 1 > , WMPMI  1 > , GPMU  > . UMT  *<  1 ) , I IM» U I 
2/090  PHINt  RANGE! 1 >.AL IANO< I ) , UUDMX . PGMAX ( 1 ).WHPH( 1 T.uPMI 1 > . UA I * < 1) . » 1H4 < 1 > 

2/060  LPRINI  RANGE  (II  < AC1  KNU(  1 I • LIUOHJl  • PUMAX  ( 1 > . WHPHI  l > «OPM(  1 > . DAI  8<  1 ) . T 1M*(  1 1 
2/069  IF  VEH-2  AND  GPMtlK.>0  I HEN  HPO 1 1 ) -1  ! /OFM!  l > 

2/0/0  FUR  1-2  10  Z 

2/080  INPUI 82>  RANUE 111. AL I RNU < 1 1 • UUDMX,  PDMAX (!) . WMPM! 1 > ,gPH< 1) . DAT8! 1 > . TIM*! 1 1 
2/090  PRINT  RANGE  I 1 1 • ACT  KNg ( I > • UUDMX • PUMAX  (It.  WHPiit  1 I . GFN < I ) . UA  19  ( 1 > • 1 IN*  ( 1 > 

2/100  LPRINT  RANGEm.ACTKNG(l).  UUDMX.  F UMAX  ! 1 > , WHPH!  1 1 .OFM!  1 1 . UAT*U  > . UM*U  1 
27109  IF  VF.M-2  AND  OPMillOU  THEN  MPU<  1 1-1 ! /DPMI  I ) 

2/110  NEXI  ( 

2/120  PRINT  I LPRINI 
2/130  CLOSE  82 
27140  RE  I URN 
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10  AVCOsl.BAS 
20  KEY  OFKICLS 
30  LPRINT  CMK*<I2> 

•40  LPRINT  CHR*< 27)*"5" 

50  LPRINT  CHRX27)  ♦ "7" 

60  OPEN  “ENERGY. DAT"  Ft*  . INPUT  AS  «1 

70  INPUT* 1 • TKN.AELC.EOLY.RIcE.KMVK,  AKUS.CYCB. ADGU. WB.PHD*.  1VTYP 
72  IF  IVTYP-1  THEN  VTYP-2  ELSE  VTYPE-1 
00  CLOSE  *1 

90  ' TKM- 1 20400 • I AELC-3372 1 EOL Y« I ! • R I CE-O* KM  YR- 1 28481 AFUS-Ot C YCB-800 
100  'ADO D-.329 

105  INPUT  "ENTER  THE  FILE  NAME  OF  THE  FORM  XXX. CUS  I " . CST* 

110  OPEN  CST*  FOR  INPUT  AS  *3 

120  INK)T#3,  MKH.CKU.ElKW.EPOW.BATTt.CURBUT 

130  CLOSE  *3 

140  ' F'EFPNR-301 CKW— 35* ETKUl 35i EPOW— 40 

150  *'LlNE  INPUT  "TYPE  the  PAGE  HEADING.  "IPHD* 

160  REM  **  INPUT  "TYPE  THE  NAME  OF  THE  BATTERY.  "1BATT* 

•O  IOOL-1982 

.30  IF  IDOL-0  THEN  lDUL-1982 

190  REM  # INPUT  "Entor  1 for  hybrid.  2 for  electric  .3  for  ic*  v«hic1*"»VTYP 
200  PRINT  "Typ*  th*  number  of  p*»»*n*«r»  ••  follows!" 

210  PRINT  • 1 - THU-PASSENUER" 

220  PRINT  " 2 - FOUR -PASSE  NUfeR  250m“ 

230  PRINT  “ 3 - FIVE -PASSENGER  25om" 

240  PRINT  " 4 - FIVE-PASSENGER  10OM" 

250  PRINT  " 5 - FIVE-PASSENGER  150M" 

260  PRINT  * 6-VAN  " 

2/0  INPUI  “ "INPAS 

280  ON  NPAS  GOTO  2VJ, 300. 310, 320. 330. 340 
290  PASS*- "2-PASS"  IPANUPL-136«  OOTO  350 
-^•H)  PASS*-"  4-PASS"  * PAN UPL— 1361  GOTO  350 
2:  5 . ASS*-" 5-PASS"  IPANIVL-1 361  GOTO  350 
320  PASS*- “ 5-PAsS"  IPANDPL-1361  GOTO  350 
330  PASS*— " 5-PASS " iPANUPL-1361  GU10  350 
340  PASS*-*' VAN"  1 PANDPL-2V5 
350  REM 
360  LMCC-200 

370  REM  *#  INPUT  "Typ*  th*  v*hicl*  curb  weimht  in  KG. “tCURBWT 

380  IF  NPAS-6  GOTO  410 

390  Wf — CUR6WI+136 

400  G010  415 

410  WI-CURBHT*290 

415  IK  ufYP-3  THEN  GOTG  482 

420  'PRINT  "Input  *«cticp  for  b*tt*rv  d*t«  " 

430  'REM  • INPUT  "Typ*  battery  w*l*ht  in  k». "IW8 

455  INPUT  "Typ*  th*  cost  of  *l*ctricitY  in  C/KM-H. "1PELEC 

45/  PELEC-PELEC/100 

460  INPUT  "Typ*  th*  b*tt*ry  *h*lf  lif*  In  Y*ar*.“lBLlF 

470  INPUT  "Typ*  th*  depth  of  * d ••-  ditcher**  (usually  .8).”IDUCG 

480  IF  DUCG-0  THEN  DDCG-.8 

482  INPUT  "Typ*  th*  v*hicl*  maintenance  factor— d*f«u1 t-l“ I MFAC 
484  IF  MFAC— O THEN  MFAC- I 

490  INPUT  "*nt*r  th*  Ilf*  of  th*  v*hict*  in  y*art“iYEAR 
4 95  IK  VTYP-2  (HEN  RICE-0  IEULY-1  *0010  580 
49/  IK  VI VP— 3 THEN  RICE-1  iEULY-0  lOGTG  700 
5/0  PR IN  I 

680  PRINT  “ Motor  data" 

562  INPUT  “*ni*r  motor  tvp*tl  for  ac«2  for  dc  brushless. 3 for  dc  brush"!MTYP 
584  Ml YP*-"*c" 

536  IK  HTVP-2  THEN  MfYP«»“dc  bruthlest" 

588  IF  MTYP-3  fHF.N  MIYPS«“dC  brush" 

590  PRINT 
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600  REM  ••  INPUT  "Tyre  the  power  of  the  motor  in  KW."1MKW 

620  'MKW-Pf.FPWR 

630  HGTWT-MKW/.49 

632  IF  HTYP-2  THEN  MOTWT-HkW/ . 64 

634  IF  Mr  VP-3  THEN  HUTWT-MKM/.22 

636  INPUT  "enter  controller  tyres  1 for  e.c.2  for  4c  truihl»i>3  for  dcbru*h"iCTYP 
638  CTVP*-"ec" 

640  IF  CTYP-2  THEN  CTYP*-“dc  bruthlett" 

641  IF  CTVP-3  THEN  CTYP*-“dc  bruth" 

645  REH  ••  INPUT  "Typo  tho  controller  reted  power  In  kw. "ICKW 

650  CUNWT-CKW/2.S 

652  IF  CTVP-2  THEN  C0NWT-CKW/.87S 

654  IF  CTVP-3  THEN  CONMT-CKH/ 1 - 47 

660  REH  ••  INPUT  "TYPE  THE  EV  TRANSMISSION  POWER  IN  KWtEIKW 
620  MTYP*-"AC"  * IF  HTYP-2  THEN  HTYP*-"UC“ 

680  PRINT 

690  IF  VTYP-2  THEN  NTRAN-1  I GOTO  770 
700  PRINT  “Input  section  for  eneine" 

710  PRINT 

720  REH  **  INPUT  "Typo  the  eneine  power  In  kw. “IEPUW 
730  ENGWT-EPOW/.45 

740  REH  **  INPUT  “TYPE  THE  ICE  TRANSMISSION  POWER  IN  KW“lTPOW  » TPOM-EPOM 
750  ' INPUT  “Typo  tenk  volume  volume  In  L.  "IVORS  t VGRS-40 

760  INPUT  "I  TRANSMISSION  OR  2“tNTRAN 
770  REH 

775  TKM-YEAReKMVR 

800  INPUT  “Typo  the  vehicle  selveee  velue  et  percent  of  new. "tSLBV 

810  SLBV— SLBV/ 100 

812  'IF  VTYP-3  THEN  GOTO  814 

814  'INPUT  "ENTER  THE  ANNUAL  TRAVEL  IN  KH/VR"! KMYR 

815  'IF  VTYP-3  THEN  GOTO  816 

816  'INPUT  “ENTER  THE  ANNUAL  FUEL  USE  IN  LITERS"! AFUS 
820  IF  VTYP-2  THEN  GOTO  870 

830  INPUT  "Type  the  coot  of  fuel  for  1992  In  1982*/L"lPFUEL 

840  INPUT  “Typo  1 for  eeooline  fuel.  2 for  dieeet.  3 for  methanol . “IFTYP 

850  FTYP*-" GASOLINE”  I IF  FTYP-2  THEN  FTYP*-"DIESEL" 

860  IF  FTYP-3  THEN  FTYP*-“ METHANOL" 

870  INPUT  “TYPE  PERCENT  REAL  INTEREST  RATE. “IRINTR 

880  INPUT  “TYPE  PERCENT  REAL  DISCOUNT  RATE. "IRDISR 

890  INPUT  "Typo  the  number  of  yeers  to  finance  over. “IFYEAR 

900  RINTR-RINTR/lOO 

910  RUISR-R0ISR/1OO 

950  REH 

960  REH 

970  REM  CALCULATIONS 

980  IF  VTYP-3  THEN  GOTO  1270 

990  IF  N TRAN- 2 THEN  GOTO  1150 

lOOO  PRINT  "TYPE  EV  TRANSMISSION  TYPE.  " 

1U10  PRINT  " 1 - CVT“ 

1020  PRINT  " 2 - 4-SPEED" 

1030  PRINT  " 3 - FIXED  RATIO" 

1035  INPUT  “ 4-2  treed  euto"! TTRAN 

1040  ON  I IRAN  GOTO  1050. 1060. 1070. 1080 

1050  TRAN4-"CVT"  I TRANWT-E IkU/ 1. 1 1 GOTO  1090 

1060  Tf«  N*-"4-*reed"  ITRANWI-ETKW/1.C6I  0010  1090 

1070  TRAN*-" fixed  retio"  1 TMANWT-E new/ 1.42 1 GOTO  1090 

1080  TRAN*- "2  treed  euto"  iTRANWf-ETM)/«86i  GOTO  1090 

1090  ON  TTRAN  GOTO  1100.1110.1120,1125 

1100  COST RAN- l 1. 17*E1KWt  GOTO  1400 

1110  COSTRAN-5. S8*£TkWl  GO f 0 1400 

1120  COSTRAN-4 . 65*ETKWi  OOTO  1400 

i!  ?5  rrnsrPON-M  d«Mir'Uf  nnrn  . mirt 
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1140  REM 

1150  PRINT  "TYPE  EV  TRANSMISSION  TYPE.  " 

1160  PRINT  " 1 - CVT” 

1170  PRINT  " 2 - 4-*P#*d" 

1180  PRINT  " 3 - f lx«d  ratio” 

1185  INPUT  M 4-2  »P«ad  auto" IETRAN 

1190  ON  ETRAN  GOTO  1200.1210.1220.1225 

1200  ETRAN*— "CVT"  I ETRANWT -ETKW/ 1 . 1 I GOTO  1230 

1210  ETRAN*- "4-»P**d"  I ETRANWT-ETK.W/ 1 . 061  GOTO  1230 

1220  ETRAN*-"fix*d  ratio”  IETRANWT-ETKW/1 .42«  GOTO  1230 

1225  ETR\«-"2  »r**d  *uto“  IETRANWT-ETKW/.86 

1230  ON  b i RAN  GOTO  1240,1250.1260.1265 

1240  ECOSTRAN-11.17*ETKW  I GOTO  1270 

1250  ECOS TRAN-5. 58*ETLW  I GOTO  1270 

1 260  EC0STRAN-4.65*ErKW  t GOTO  1270 

1 765  FCnSTRAN«5.4*ETkW 

1270  REN 

1280  PRINT  "TYPE  ICE  TRANSMISSION  TYPE.  " 

1290  PRINT  " 1 - CVT" 

1300  PRINT  " 2 - 4-*P*#d" 

1310  PRINT  “ 3 - fix*d  ratio” 

1315  INPUT  " 2 *P*#d  auto" tGTRAN 
1320  ON  GlRAN  GOTO  1330.1340,1350.1355 
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1330  GTRAN*— "CVT"  I GTRANW I — TPOW/ 1 . II  GOTO  1360 

1340  GTRAN*— "4-»P**d"  I GTRANWT- TPOW/ 1 . 061  GOTO  1360 

1350  GTRAN*-" fix*d  ratio"  iGTRANWT-TPOW/1.42*  GOTO  1360 

1355  GTRAN*— "2  »P*#d  auto"  IQTRANWT-TPOW/. 6599999 

1360  ON  GlRAN  GOTO  1370.1380,1390.1395 

1370  GCOSTRAN-1 1. 17*TPOW  I GOTO  1400 

1380  GCOSTR AN-5. 58* TPOW  I GOTO  1400 

1390  GCOS TRAN- 4. 65* TPOW  I GOTO  1400 

1395  GCOSTRAN-S.4»TPOW 

1400  REM 

1410  WBV— CUR8WT-WB-M0TWT-ENGWT-C0NWT-TRANWT-ETRANWT-GTRANWT 

1420  BI-(1*RINTR)''YEAR 

1430  I»I— < 1*RD1  SRI ''YEAR 

1440  CI-BI/OI 

1450  BVCPKO-6. 95 

1460  BVC- ( WBV*bVCPKU ) *CACC 

1470  AUP-1.5 

1480  REM  ENGINE  COST 

1490  ENOC- 1 • 5*240*EPGW/S . 33  « IF  FTYP-2  THEN  ENGC-1 .5*260*EPOW'\  33 
1495  REM  MOTOR  AND  CONTROLLER  COST 


1500  CC0N-45*CKW«  CM0T-19*MKW 

1510  IF  MTYP-2  THEN  CC0N»90*CKW  « CMOT-26. 5*MKW 
1515  IF  MTYP-3  THEN  CCON-62. 3*CKW  I CM0T-79*MKW 
1517  IF  VTYP-3  THEN  00  2270 
1520  REM  BATTERY  OEM  COST  (*1983) 

1530  IF  BATT*-"AL-AIR"  THEN  GOTO  1850 

1540  IF  BATT*«"NI-ZN2.0"  THEN  CWBT- 130* <54 /l OOO >*WB 

1550  IF  BATT»-”PBAC/AD1 . 0"  1HEN  CWBT-<43*(45/1000)*WB)-M8.7*<  1 20/ lOOO ) *WB ) *400 
1560  IF  BATT*— “PBAC/AU2. 1“  THEN  CWBT-< 43* ( 43/ lOOO ) *Wb ) «-(8. 7* < 1 35/ lOOO ) *WB ) *400 
1570  IF  BATT*«"PBAC/AD2. 4”  THEN  CWB f -< 43* , 41 / 1000 ) *WB > «■< 8. 7* ( 1357 lOOO ) *WB ) +400 
1580  IF  BATT*-MPBAC/AD3.  3”  THEN  CWBT- ( 43*( 38/ 1 OOO ) *WB ) *(8. 7*< 145/1000) *WB ) *4oO 
1590  IF  BAT  I *-"P8~AC/BIPLM  THEN  CWBT- < 80*( 50/ lOOO > *WB ) 

1600  IF  BAIT*— ”N1 -FE1 . O"  THEN  CWBT- ( lOO* ( 56/ lOOO ) *WB ) ♦< 12* ( 1 20/ lOOO ) *WB >*800 
1610  IF  BATT*«"Ni-FE2. 1"  THEN  CWBT-( 100»<54/ lOOO) *WB ) ♦( 12*( 141 / lOOO ) »WB)*8UO 
1620  IF  BATI*-"N1-FE2. 4"  THEN  CWBT«< 100*< 52/ lOOO > *WB > ♦< 12*< 1 4 1 / lOOO) »WB ) -*-800 
1630  IF  bATT*-"NI-FE3.3"  THEN  CWBT-( 100* ( 48/ lOOO) *WB >♦< 1 2*( 160/ lOOO) *WB)+80U 
1640  IF  BAT  f*-"2N-BR2/ 1 .0“  THEN  CUB  I- < 20* '67/1 OOO ) * WB ) ♦ < 1 0*1 83 / lOOO ) * WB ) * 700 
1650  IF  BA  I I •»“  ZN-BK2/2.  1 " THEN  CWBT-(  20*(  48/ 1000 ) *WB  >♦<  10*  C 1 15/ 1000 ) *W8 ) *700 
1660  IF  BA  1 1 *-” ZN-BR2/2. 4"  THEN  CWBT-<  20*  < 49/ 1O0U  > *WB  >«■<  10*<  1 35/ 1000  > *WB>  + /00 
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1680  IF  BATT*-“ZN~CL2/1.0M  THEN  CWDT-l 1 0# ( 89/ lOOO) *WB >«■ ( 45* (86/ 1000)*WB > *11 SO 
161*0  IF  BATT*-MZN-CL2/2. 1"  THEN  CWBT-<  10*<54/1000>*WB>*<45*<  1 10/1000)*WH>+1  ISO 
1700  IF  BATT*-“ZN-CL2/2. 4"  THEN  CWBT«< 10*<54/|000>*WB)*<45*< 127/lOU0>*WBM-l 150 
1710  IF  BATT*-" ZN-CL2/3.  3"  THEN  CWbl-UO*!42/1000)*WB>'M45#<  130/1000>*WB>*1 150 
1720  IF  BATT*-"FE-AIR1.0"  THEN  CWBT-<8*< 109/ lOOO) *WBM-< 2S*< 1 107 1 UOO > *WB ) ♦ /OO 
1730  IF  BATT*»"FE-AIR2. 1"  THEN  CWBT-< 8*168/ lOOO >*WB>*< 25* < 140/1000)*WB>*700 
1740  IF  BATT*-"F£-AIR2.4"  THEN  CNBT-<8*<68/1000>*WR)+<2S»< 15//10o0>*W8)*7o0 
1/30  IF  BATT*-"FE-AIR3.3"  THEN  CWBT-<8*<52/loOO>*W8>-M23*< 163/1000>*WB>+700 
1760  IF  BATT*-"LI-FE-S1.0"  THEN  CWBT-<  70*<  102/1000>*WB>  ♦<  10#<  161/  lOOO)  *WB)*730 
1770  IF  BATT *-"LI-FE-S3. 3“  THEN  CWBT-< 70*<81/10o0)»WB>+( 10*( 175/1000)*WB)*750 
1780  IF  BATT*-"LI-FE-S2. I-  THEN  CWBT-C 70* ( 81 / lOOO) *WB>*  < 10* ( 165/ lOOO) *Wb) *750 
1790  IF  BATT*-"LI-FE-S2.4"  THEN  CWBTX /O*(71/10OO)*WB>+(  10*<  165/ lOOO  > *WB  > «-/50 
1800  IF  BAVT*-"NA-S1 .0"  THEN  CWBT-<25*< 121/1000>*WB>*<45#< 148/ lOOO) *WBM-10o0 
1810  IF  BATT*-"NA-S2. 1"  THEN  CWBT-<25*<87/10O0)*WB>*<45*< 199/1000>*WB>*1000 
1820  IF  BATT5-"NA-S2.4"  THEN  CWBT-(25*<83/1000)»WB)-H45*<224/lo00)*WBH-lC0O 
1830  IF  6ATT*-"NA-S3.3"  THEN  CUBr-425*<73/1000)*UB)+<4S*<244/1000)*W8)+100u 
1840  GOTO  1870 
1850  BKW-(137*WB 1/1000 
1860  CWBT-42*BKW 
1870  REM  BATTERY  COST  <*19921 
1880  CUBT>(1.5*CWBT)/(l*RD!&Ri 

1890  IF  BATT *— "PBAC/AD1 • O”  THEN  CWBTH-1 . 16*CWBT 
1900  IF  BATT*-"PBAC/AI»2.  I"  THEN  CWBTH-1 . 35»CWBT 
1910  IF  BATT»-"PBAC/A02.4H  THEN  CWBTH-1. 2*CWBT 
1920  IF  BATT*-"PBAC/AD3.3“  THEN  CWBTH-l.27*CWBT 
1930  IF  BATT*-"PB-AC/BIPL"  THEN  CWBTH-1. 5*CWBT 
1940  IF  BATT*»"NI-FE1.0"  THEN  CWBTH-. 9099999*CWBT 
1950  IF  BATT*-"N1-FE2. 1"  THEN  CWUTH-. 87*CWBT 
1960  IF  BATT*-"NI-FE2.4“  THEN  CWBTH-. 900000 1*CWBT 
1970  IF  BATT*-"NI-FE3.3"  THEN  CWBTH-1 . 01 *CWBT 
1980  IF  BATT*-“NI-ZN2.0"  THEN  CWBTH-1 . 1*CWBT 
1990  IF  DA  TT*-" ZN-BK2/ 1.0**  THEN  CWBTH-1 . 59*CWBT 
2000  IF  BATT*-"ZN-BR2/2. 1 " THEN  CWBTH-2. 02*CWBT 
2010  IF  BATT*"1' ZN-BR2/2.  4"  THEN  CWBTH-1 . 72*CWBT 
2020  IF  BATT*— "ZN-BR2/3. 3M  THEN  CWBTH- 1 . 83*CW8T 
2030  IF  BA  TT*-" ZN-CL2/ 1.0"  THEN  CWBTH-1. 24*CWBT 
2040  IF  BATT*-“ZN~CL2/2. 1"  THEN  CWBTH- 1.04*CWBT 
2050  IF  BATT*-"ZN-CL2/2.4"  THEN  CWBTH-1 . 04*CWBr 
2060  IF  BATT*-"ZN-CL2/3. 3“  THEN  CWBTH-1 . 01*CWBT 
2070  IF  BATT*-"FE-AIRl.O"  THEN  CWB I H- 1 . 83*CWBT 
2080  IF  BATT*-"FE-AIK2. 1"  THEN  CWBTH-2. 57*1 WBT 
2090  IF  BATT*-“FE-AIR2.4M  THEN  CWBTH-1 ,83*CWBT 
2100  IF  BATT*-"FE-AIR3.3"  THEN  CWBTH-2. 03*CWBT 
2110  IF  BATT*-"NA-S1 . 0"  THEN  CWBTH-1 . 36*CWBT 
2120  IF  BATT*-"NA-S2. 1“  THEN  CWBTH-1 . 24*CWBT 
2130  IF  BATT*-"NA-S2.4"  THEN  CWBTH-. 95*CWbT 
2140  IF  BArT*-”NA-S3.3"  THEN  CWBTH-. 9099999*CWBT 
2150  IF  BATT*-"LI“FE-S1 .0"  THEN  CWBIH-1. 28*CWBT 
2160  IF  BATT*-"L1-FE-S2. 1"  THEN  CWBTH-. 93*CWBT 
21/0  IF  BATT*-"LI-Ffc-S2.4"  THEN  CWBTH-1. 19*CWBT 
2180  IF  BATT*-“LI— FE-S3. 3"  I HEN  CWBTH-. 98*CWBT 
2190  IF  BATT*-"AL-AIR"  THEN  CWBTH-1 . 5*CWBT 
2200  REM  LOW  AND  HIGH  BARTIEHY  COST 
2210  IF  CWB t H>CWB T THEN  GOTO  2270 
2230  X XX— CWB  T 
2240  CWBT-l  WBTH 
2260  CWBTH-XXX 
2270  REM  INI  UAL  COST 

2280  INIT«CWBI+BVC+CMOr+CCON*ECOS TRAN+ENGC+GCUSTHAN-K  OS I RAN 
2290  INITH-CWBl H*BVC*LMOT*CCON*ECOSTRAN+feNGC+GCOSf HAN+CUS I RAN 
2295  IF  VlYP-3  THEN  GO  3040 
2300  REM  REPLACEMEN  I BA  MERIES 

9^10  WOr  i«rr*‘AI  -/ll  €>*» 
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2320  RIM  ( YH- ( L YCB*DDC0» 1 0 > / < ADUl)*365»BL IF  > 

2330  LI-l/I  < l+HDISNI^RBATYHI 

2340  TI-<U*RIN1R>~RBATVRI 

2390  RBAT-I  <AU0D«36S*BLlF>/<DI>CGftLYCB>  >-l 

2360  IF  RBAOU  GOTO  2380 

2362  RBAf-O 

2364  JRBAT-0 

2366  GOTO  2390 

2370  REM  THIS  TAKES  FRACTIONAL  BATTERIES  AND  HAKE  THEN  WHOLE  NUMBERS  FOR  BAMERY 
REPLACEMENT.  THE  DIFFERENCE  BET  WEEN  THE  WHOLE  NUMBER  AND  I HE  FRACTION  IS  CO 
NS IDE RED  AS  BATTERY  SALVAGE 
2380  IRBAT-CINT<RBAT+.5> 

2390  DRBAT-IRBAT-RBAT 
2400  IF  DRBAflO  THEN  DRBAT-O 
2410  CWRB-IRBAT*CWBT«Tl*Ll 
2420  CWRBM- I RBAT *CWBTH*L I *T I 
2430  OOTO  2460 


2440  CWHB-2*31*BKW 
2450  GOTO  3040 

2460  REM  DETERMINATION  OF  BATTERY  MATERIAL  SALVAGE  COST  PER  KWH 
2470  IF  BATT*»"PBAC/AD1.0"  UK  BAT  T *-"PBAC/AD2. 1 " THEN  MCPKWH-1.66 
2480  IF  BATT*«"PBAC/AD2.4“  OR  BATT*-"PBAC/AD3.3"  THEN  MCPKWH-1.66 
2490  IF  BATT*-"PB— AC/BIPL"  THEN  MCPKWH-1.66 

2500  IF  BATT*-"NI-FE1.0“  OR  BATT*—' NI-FE2. 1"  THEN  MCPKWH-6.56 
2510  IF  BATT*-"NI-FE2. 4"  OR  BATT*-"NI-FE3. 3"  THEN  MCPKWH-6.56 
2520  IF  BAT 1 " ZN-BR2/ 1 . 0“  OR  BAT T*«" ZN-BR2/2. 1 “ THEN  MCPKWH-2 
2530  IF  BATT4-" ZN-BR2/2. 4“  OR  BATI*»"ZN-bR2/3.3"  THEN  MCPKWH-2 
2540  IF  BATT*-"ZN-CL2/1.0"  OR  BATT*-"ZN-CL2/2. 1 " THEN  MCPkWH-0 
2550  IF  BATT*-"ZM-CL2/2.4"  OR  BATT*"'*  ZN— LL2/3. 3“  I HEN  MCPKWH-O 
2560  IF  BATT*-"FE-AIR1.0"  OR  BA! T*-"FE-AIR2. 1 " THEN  MCPKHH-0 
2570  IF  BATT*-"FE— AIR2. 4"  OR  BATT*-"FE-A1R3. 3"  THEN  MCPKWH-0 
2580  IF  BAT'r*-"LI-FE-Sl .0“  OR  BATT*-"LI-FE-S2. 1 " THEN  MCPKWH-2 
2590  IF  BATT*-"LI-FE-S2.4"  OR  BATT*- "LI-FE-S3. 3"  THEN  MCPKWH-2 
2600  IF  BATT*-"NA-S1.0"  OR  BATT*-"NA-S2. 1 " THEN  MCPKWH-0 
2610  IF  BATT*-"NA-S2.4"  OR  BATT*-“NA-S3. 3"  THEN  MCPKWH-0 
2620  IF  BATT*-"NI-ZN2.0"  THEN  MCPKWH-IO.23 
2625  IF  BATT*-"AL-AIR"  THEN  MCPKWH-0 

2630  REM  SPECIFIC  ENERGY  VALUES  ARE  SUBSTITUTED  IN  THE  FOLLOWING  EQUATIONS 

2640  IF  BATT*-"PBAC/A01.0"  THEN  KWHR-1 45/1000 1 *Wb 

2650  IF  BATT*-"PBAC/AD2. 1"  THEN  KWHK-(43/lCKlO>*WB 

2660  IF  BArr*-"PBAC/A02.4"  THEN  KWHR- (41/ lOOO >»WB 

2670  IF  BATT*-"E'<AL/AD3.3"  THEN  KWHR-(38/10O0)*WB 

2680  IF  BATT*-"PB-AC/BIPL“  THEN  KWHR-(SO/1UOO>*WB 

2690  IF  BATT*-"NI-FE1.0"  THEN  KWHR-(S6/1000>»WB 

2700  IF  BATT*«"NI-FE2.1"  THEN  KWHR- <54/ lOOO) *WB 

2710  IF  BATT*-"Nl— FE2. 4"  THEN  KWHR-(52/lOOO>#WB 

2720  IF  BATT*-"NI-FE3.3"  THEN  KWHR- <48/ 1000 >»WB 

2730  IF  BATT*- “ZN-BR2/ 1.0"  THEN  KWMR- (67/1 000 )*WB 

2740  IF  BATT*-"ZN-BR2/2. 1"  THEN  KWHR-(48/lOO0)»WB 

2750  IF  BAlT*-"ZN-BR2/2.4"  THEN  KWHR- <49/1 000 )#we 

2760  IF  BATT*-"ZN-BR2/3.3"  THEN  KWHR-<40/lOU0)*WB 

2770  IF  BATT *-“ ZN-CL2/1 . 0"  THEN  KWHR-(89/1000)*WB 

2780  tF  BAf T*-"ZN-CL2/2. 1 " THEN  KWHR-(54/I000)*WB 

2790  IF  BATT*-“ZN-CL2/2.4“  THEN  KWHR-(54/1000>*WB 

2800  IF  BATT *-" ZN-CL2/3. 3"  THEN  KUHR-<42/lU00>*WB 

2810  IF  BATT*— "FE-AIRl . C"  THEN  KWHR- ( 109/ lOOO >*WB 

2820  IF  BATT*-"FE-A1R2. 1"  I HEN  KWHR- < 63/ lOOO > *UB 

2830  IF  BATT*-"FE-AIR2. 4"  THEN  KWHR-( 68/ 1O00 > »WD 

2840  IF  BATT*-"FE~AIR3. 3"  THEN  KWHR- <52/ lOOO >*WB 

2850  IE  BATT*«"LI-FE-S1.0"  THEN  KWHR-l 102/ IOOO)*WB 

2860  TF  RATT*-"L  I— FE— S2.  1"  THEN  KWHR- ( 8 1 / lOOO  > *WB 

2870  IF  BATT*-“L I-FE-S2.4"  THEN  KWHR-<81/lOOO)*WB 


if  hoi  r««ui  r-FF~‘i  * v 
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IF  RATT»-"NA-SI.O*  TMFN  KWHR-1 121 /fOOO>»W8 
IF  HAT! •— "NA—S2. 1 “ THEN  KWHR- (87/1 OOO ) *UH 
IF  BATT*-MNA-S?.4M  THF.N  KMHR- <83/1  OOO ) *WH 
IF  8ATT*-"NA-S3.3"  THFN  KUHN- ( 73/ 1 Orm  )*WB 
IF  BATT*",,NI-2M2.0"  TMFN  KWHR- < 60/1 OOn)*WR 

REN  BAT1ERY  SALVAGE  VALUE  IS  THE  SUM  OF  SALVAGE  FROM  REPLACEMENT  BATTERIES 

AND  BATTERY  SALVAGE  MATERIAL 

SVB 1 -HCPK MM* T 1 6KUHR6L I 

SVBH1 - < MCPKMH*T l*KMMR ) *L I 

IF  IRBAT-2  THEN  TRBAT YR— 2*RBAT YH I GOTO  2990 

GOTO  3039 

SI - ( 1 9R INVR > ~ 1 RBATYR 
Z 1-1/1 < 1*RDISR>~TRBATYR> 

IF  1RBAT VR<10  THEN  SVB2-(MCPKMH*S1*KWHR)*ZI 

IF  TRBATVR>10  THEN  GOTO  3039 

SVSH2- ( HCPK WM*S I *KHHR  * *Z 2 

SVB-SVB1 ♦SVB 2 

SVBH*s>VBH  1 ♦SVBH? 

REN  ALL  OPERATING  COSTS  ARE  OlSCOUNrEO  TO  PRESENT  VALUES 

REN  REPAIRS  AND  MAINTENANCE 

TKM-YEAR*KMVR 

IF  VTVP-2  THEN  MICE -01 GOTO  3080 
MICE— 136. 22 
ME -81. 73001 

RPM-  (ME-M1. 14/100#KMYR#E0LY*MFAC) )+<MICE+<1.91/100*KMYK*RICE) ) 

NrnN*v 

FOR  N-l  TO  YEAR 
TEMPI-RPmci 
RPMN-RPMN9TEMPI 
NEXT  N 

IF  VTYP-2  THEN  MICE-OiOOTO  3170 
MICE  -131.11 
ME-78. 67 

IF  NPAS-9  THEN  RPM-  (ME-M 1 . 23/100#KHYR*E0LY*MFAC> ) + <MlCE+<2.09/100*KMYR»RIC 
RPMN-0 

FOR  N-l  TO  YEAR 
TEhP2-RPH#CI 
RPMN-RPMN+TEMP2 
NEXT  N 

REM  REPLACEMENT  TIRES 
RTKH— TKM-64374 • 

RTIR— <RTKM*t 368. 74+1 . 10O86*CURBUT>  >/< 128748! ) > 

REM  INSURANCE 
INSR-O 

FOR  N-l  TO  YEAR 
TEMP3— 243»CI 
I NSR— I NSR+TEMP3 
NEXT  N 

INSR— INSR+748 

IF  NPAS-9  THEN  GOTO  3349 

INSR-O 

FOR  N-l  TO  YEAR 
TF.NP4«256*CI 
INSR-INSK+TEMP4 
NEXT  N 

INSR— 1NSR+919 

REM  GARAGING.  PARKING  AND  TOLL 
PfE-0 

FOR  N-l  10  YEAR 
TIMP5-78.29*CI 


3440  P (E-P1E+ (EMP9 
3490  NEXT  N 
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3460  REN  TITLE.  REOISTHAT ION 

3470  TRLE»0 

3400  FOR  N-l  TO  YEAR 

34  VO  TEMP7-20*CI 

3900  TRLE-TRLE+TEMP7 

3910  NEXT  N 

3920  TRLE*TRLE+<.03#INIT) 

3930  TRLEH-0 
3940  FOR  N-l  TO  YEAR 
3990  TEHP8-204CI 
3960  TRLEH-T  RLEM4TEMP8 
3970  NEXT  N 

3960  TRLEH-TRLEM*(,03*INITH> 

3990  REN  FUEL  AND  OIL  COST 
3600  CFU-AFUS4FFUEL41.03 
3610  CFUL-0 

3620  CF0-AFUS*PFUEL*1.03 
3630  FOR  N-l  TO  YEAR 
3640  nHP9-CFU*CI 
3630  CFUL-CFUL+TEHP9 
3660  NEXT  N 

3680  REN  ELECTRICITY  COST 
3690  CEL-AELC*PELEC 
3700  CELE-O* 

3720  FOR  N-l  TO  YEAR 
3730  TENP10-CEL4CI 
3740  CELE— CELE+TENPIO 

3749  IF  BATT*— “AL-AIR"  THEN  ANOD-. 0629*KMYR#C1 
3747  IF  BATT*-“AL-AIR“  I HEN  CELE-CELE+ANOD 
3730  NEXT  N 

3760  REN  ANNUAL  PRINCIPAL  AND  INTEREST  PAYMENT 

3770  APlNT-,8*< INITHM  1RINTR#( l+RINTRl^FVEARJ / ( ( 1+RINIR>''FYEAR-1 ) ) 
3780  Fl-<  U«-RDISR>~FYEAR-n 
3790  I3I-(RDISR4H1*RDISR>''FYEAR> 

3800  PAPINT-APINT4FI/0I 

3810  APlNTM-.8*( INITH)*<  <R1NTR*< l+RINTRl^FYEAR)/! < l+RINlRJ^FYEAR-l ) ) 
3820  PAPINTH— APINTH*FI/OI 
3830  OOTO  3830 
3840  REN 

3850  REN  OPERATING  COSTS 

3860  OPER— Cfc  LE+CFUL+TRLE+PTEF IN8R4RT IR+RPHN+CMRB+PAP I NT 

38/0  0PERH-CELE+CFUL+TRLEM+PTE+INSR+RTIR+RPMN+CWRB+PAP1NTH 

3880  PPNL— . 2*INIT 

3890  DPNH— .2*INITH 

38V3  IF  VTYP-3  THEN  OOTO  3932 

3900  NBAT- < AD0D*363*BL IF ) / ( DDOO*CYCB > 

3902  IF  NBAT— <1  THEN  DNBAT-01G0T0  3932 
3910  INBAT-CINTI NBAT+. 3) 

3920  DN8AT- I NBAT -NBAT 
3930  IK  DNBATCO  THEN  DN BAT-0 
3932  REN 

3940  Pl-1  / ( < 1+RDISP . "'YEAR  > 

3990  SW—  < SLBV#  < INI  T -CWBT  > ♦ * CWBT *B I *DN8AT  > )*PI 

3960  S WH*  < Si.  BV*  (INI  TH-CWB 1 H ) ♦ ( CWB  TH*B1 *DNBA T ) ) »P  I 

3970  TTL-DPML+0PER-3W-SVB1-SVB2 

3980  T TLH— DPNH^OPEHH-SWH-SVBHl  — SVBH2 

3990  REN  CALCULATIONS  COMPLETE 

4000  F0RMAT04»**\"+SPACE*(24>  + "\H 

4010  FORMA fl •#.«•»  “ 

4020  REN 

4030  REH  #*  PRINT  HEADER  INKOHNATION. 

4040  HEM 
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i 4060  I>IAOH  EN(PHIT«))/2 

! 4070  LPRINT  I LPRINT  SPACE*!  I ) I PHD4I SPACE 6 < 10MDATE* 

4000  LPRINT  I LPRINT  SPACE4T33) I INPUTS--*"  I LPRINT 
4090  LPRINT  " GENERAL  --"ITABI40M  "YEAR!  “I  IDOL 

4100  LPRINT  -VEHICLE  SIIEl  "IPASS4I TAB! 40) I 
4110  LPRINT  "REAL  INTERE8T  RATE  I “|R1NTR*100T "X  - 
4120  LPRINT  "CURB  WEIGHT I "ICURBWTI "KO“l TAB(40) I 
4130  LPRINT  "VEHICLE  SALVAGE  VALUE!  "ISLBVMOOI  "X" 

4140  LPRINT-VEHIO.E  WEIGHT  » WTI  "IWT 

4150  LPRINT  “LIFE!  "• TKMI "KM"I TAB(40)» "ACCESSORY  COST!  *"ICACC 

4160  LPRINT 

4170  LPRINT  - BATTERY  —“I TAB! 40)!  "NAME I "IBATT* 

4180  LPRINT  "BATTERY  WEIGHT*  1 I WBl "KG" I TAB< 40) I 
4190  LPRINT  -BATTERY  CYCLE  LIFE!  M!CYCB 

4200  LPRINT  “ELECTRICITY  COST!  - IPELECI “4/KW-H" I TAB! 40) I 
4210  LPRINT  “MAX  I HUH  SHELF  LIFE!  “IBLIFI  "YEARS" 

4220  LPRINT  "AVERAGE  DAILY  OEPfH  OF  DISCHARGE!  "lADODl TAB (40) I 
4230  LPRINT  "DEPTH  OF  A DEEP  DISCHARGE!  "IDDCO 
4240  LPRINT  -MAINTENANCE  FACTORS  "IMF AC 
4250  LPRINT 

4260  IF  VTYP-2  THEN  GOTO  4310 

4270  LPRINT  " ENGINE  --"»TAB<40)I 

4280  LPRINT  "FUEL  COST!  “IPFUELI "*/L" 

4290  LPRINT  “TANK  CAPACITY!  " I VOASl "L"l TABI40) I "FUEL  TYPE!  "IFTYP* 

4300  IF  NTRAN-2  THEN  GOTO  4350 

4310  LPRINT  -TRANSMISSION  TYPE!  "I  TRAN*! 

4320  IF  VfYP-2  THEN  OOTO  4340 

4330  LPRINT  TAB (40) I "RATED  POWER)  "IEPOW!"KW" 

434C  GOTO  4360 

4350  LPRINT  "ICE  TRANSMISSION  TYPE!  MIGTRAN*ITAB<40> I "POWER!  "ITPOWI-KW" 

4360  LPRINT 

4370  LPRINT  - MOTOR 

4380  LPRINT  -RATED  POWER!  "IHKWI "KW"! TAB (40) 

4390  LPRINT  "TYPE!  "IMTYP4 

4400  LPRINT  "CONTROLLER!  “1CKWI"  KW" 

4410  IF  NT RAN* 1 THEN  OOTO  4430 

4420  LPRINT  “EV  TRANSMISSION  TYPE)  " IETRAN4I TAB(40> I “POWER!  *' IETKWI "KW" 

4430  LPRINT 

4440  LPRINT  " DRIVING  ~ " I TAB (40) I "AMOUNT!  "IKMYRl "KM/YEAR- 

4450  IF  VTYP«2  THEN  GOTO  4490 

4460  LPRINT  -ICE  FRACTIONAL  RANOEl  "lRICE*100l "X“l TAB(40)I 
4470  LPRINT  "EV  FRACTIONAL  RANOEl  - lEOLYMOOt  "X" 

4480  LPRINT  "ANNUAL  FUEL  USE!  "lAFUSt”  LM I TABI40) I 
4490  LPRINT  "ANNUAL  ELEC  USE!  Hl AELCI "KW-H" 

4500  REM 
4510  A-IOO/TKM 

4520  REM  **  PRINT  OUTPUT  INFORMATION. 

4530  I.PRINT  I LPRINT  TABI32)*"*—  OUTPUTS  — *"  I LPRINT  I LPRINT 
4540  LPRINT  "COST  ITEMS-" 

4550  LPRINT  TAB(24)t 

4560  LPRINT  - • C/KM" I 

4570  LPRINT 

4580  LPRINT  USING  FURMAT04I  "BASIC  VEHICLE  COST"! 

4590  LPRINT  USING  FORMAT 141  BVCIBVC*A 

4600  IF  VTYP*2  THEN  GOTO  4650 

4610  LPRINT  USING  F0RMATO4I  "ENGINE  COST" I 

4620  LPRINT  USING  F0RMAT14I  ENGC»ENOC*A 

4630  LPRINT  USING  F0RMAT06I  "ICE  TRANSMISSION  COST"! 

4640  LPRINT  USING  F0RMAT16!  GCUSTRANI GCOSTRAN«*A 
4650  LPRINT  USING  FORMA TO* I "MOTOR  COST" I 
4660  LPRINT  USING  FORMAT 161  CMOIICMOT*A 
4670  LPRINT  USING  P0RMAT04I  "CONTROLLER  COST"l 
4680  LPRINT  USING  FORMAT  16!  TCONIi  rON*A 
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4690  IF  NT RAN* 1 THEN  GOTO  4730 

4 700  LPRINT  USING  FORMAT 04 1 **EV  TRANSMISSION  COST*' I 
4/10  LPR1NT  USING  FORMATl#!  ECUS T RAN I ECOS  TRAN# A 
4720  GOTO  4730 

4730  LPRINT  US I NO  FORMA TO# I "EV  TRANSMISSION  C0ST“1 
4740  LPRINT  USING  F0RNAT1#!  COST HAN I COSTHAN#A 
4730  LPRINT  USING  FORMA TO# I "BATlENY  LOW"! 

4760  LPRINT  USING  F0RMAT1SI  CMBIICWBr#A. 

4770  LPRINT  "HIGH'* I I 

4760  LPRINT  USING  FORMATISI  CWBTHI CWBTH-A  j 

47V0  LPRINT  TAB ( 26 ) I > 

4800  LPRINT  “ — — • — M1 

4810  LPRINT 

4820  LPRINT  "INITIAL  COST  LOW  M! 

4830  LPRINT  USING  FORMATISI  INITI INI T#A< 

4840  LPRINT  “HIGH" I 

4850  LPRINT  USING  FORMATl#!  INITHI INI TH*A 
4860  LPRINT  -DOWNPAYMENT  LOW  “1 

48/0  LPRINT  USING  FORMAT 1*1  UPMLI UPML*A. 

4880  LPRINT  “HIGH"I 

4890  LPRINT  USING  FURMATl#!  DPMMIDPMH#A 
4900  LPRINT  I LPRINT 

4910  LPRINT  USING  FORMATO#!  -REPLACEM'T  BATTS  LOW"l 
4920  LPRINT  USING  FORMAT14I  CWRBICWRB»A. 

4930  LPRINT  -HIGH" I 

4940  LPRINT  USING  FORMAT!#!  CWRBHI CWRBH*A 
4930  -LPRINT  -Nu»b#rl  - I 1RBAT 

4960  LPRINT  US I NO  FORMATO# I -REPAIRS  It  MAINTENANCE-1 
4970  LPRINT  USINO  FORMAT 1#!  RPMN I RPMN* A 
4980  LPRINT  USINO  FORMATO*!  -REPLACEMENT  TIRES" I 
4990  LPRINT  USING  FORMAT  1#!  RTIHl RT1H*A 
3000  LPRINT  USINO  FORMATO#!  "INSURANCE"! 

3010  LPRINT  USING  F0RMAT1*!  INSRI INSR*A 

3020  LPRINT  USING  FORMATO#!  "GARAGING. PARK.  TOLL"! 

3030  LPRINT  USING  FORMAT 1*1  PTE!PTt*A 

3040  LPRINT  USINO  FORMATO#!  "TITLE.  REG.  LIC*  LOW. "I 

5030  LPRINT  USINO  FORMATl#!  THLEI TRLE*A. 

5060  LPRINT  "HIGH" I 

5070  LPRINT  USING  FORMAT  1#!  TRLEHI TRLEH#A 
3080  IF  VTYP-2  THEN  GOTO  3110 

3090  LPRINT  USINO  FORMATO*!  "FUEL-OIL  "! 

5100  LPRINT  USING  FORMATl #1  CFUL!CFUL#A 

5110  LPRINT  USING  FORMATO#!  -ELECTRICITY  “I 

3120  LPRINT  USINO  FORMATl#!  CELEICELE#A 

3130  LPRINT  USINO  FORMATO#!  "PRIN  It  INT  LOW"! 

5140  LPRINT  USINO  FORMATl#!  PAPINTlPAPINT#A. 

3130  LPRINT  -HIOM-I 

5160  LPRINT  USINO  FORMATl#!  PAPINTM!PAPINTH»A 

3170  GOTO  3180 

3180  LPRINT  TAB<28)I 

3190  LPRINT  “ "I 

5200  LPRINT 

3210  LPRINT  -OPERATING  COST  LOW  "I 

5220  LPRINT  USINO  FORMAT!#!  OPERIOPER*A. 

5230  LPRINT  -HIGH"! 

3240  LPRINT  USING  FORMATl#!  OPERHI OPfcRH*A 
5250  LPRINT  I LPRINT  » LPRINT 

3260  I. PR  INT  USING  FORMATO#!  “VEHICLE  SALVAGE  VALUE  LOW  "1 
5270  I PRINT  USING  FORMATl#!  SW!SVV#A. 

5280  l PRINT  -HIGH-! 

3290  LPRINT  USING  FORMATl*!  SWH!SWH#A 

5300  LPRINT  USING  FORMATO#!  *' BATTERY  SALVAGE  LOW  “1 
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5320  LPRINT  MMI0M"» 

5330  LPRINT  USINO  FORMAT!*!  SVBHISVAH#A 
5340  LPRINT 
5350  LPRINT 

5360  LPRINT  “TOTAL  LIFE  CYCLE  COST  LOW"! 
5370  LPRINT  USINO  FORMAT 14l  TTLI TTL*A. 

5380  LPRINT  “HION“l 

5390  LPRINT  USINO  FORMATl*'  TTLH1  TTLM*A 
5400  LPRINT  CHR*II2>  l LPRINT  CNR6I27)  * “6‘* 
5410  LPRINT  CHR9427)  ♦ “4“ 

5420  END 
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INTRODUCTION 


Advanced  Vehicle  Energy  Program  (AVENERGY)  ia  a computer  program  written 
in  the  IBM  version  of  Microsoft  Basic. 

The  purpose  of  the  AVENERGY  Program  is  for  use  in  calculating  such 
information  as  electrical  energy  expended,  fuel  consumed,  and  depths  of 
discharges  on  various  cycles  of  the  24*-';.our  cycles.  Information  derived  from 
the  results  of  this  program  is  used  as  part  of  the  input  into  the  Advanced 
Vehicle  Cost  Program  (AVCOST).  In  its  present  form  the  program  is  interactive 
and  it  is  designed  to  accept  inputs  from  ELVEC  and  provide  inputs  into  AVCOST. 


B.  INPUT  AND  OUTPUT 

The  following  list  is  the  input  required  to  run  the  program. 


1.  Input 

Type  of  vehicle  (electric  or  hybrid) 

Weight  of  vehicle 
Weight  of  battery 
Battery  cycle  life 
Maximum  depth  of  discharge 

Fuel  economy,  both  federal  and  highway,  when  using  the  internal 
combustion  engine  (ICE) 

Energy  consumption  and  range  for  each  cycle 

A representative  distance  travelled  on  each  of  twelve  cycles  per 
day  and  corresponding  number  of  days  in  the  year  that  cycle  is  used 

The  following  is  a list  of  the  output  from  the  program: 


2. 


Output 

Annual  travel  in  uiles 
Annual  travel  in  kilometers 
Electric  energy  use  in  kW/h 
Annual  cycles  expended 

Fuel  miles  travelled  ‘ rkkuLui-w  IvwGl.  buANK  NOT  DLMZD 

Electric  miles  travelled 
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Fraction  of  mileage  on  electric 
Fraction  of  mileage  on  engine/ ICE 
Milea  per  gallon  on  federal  and  highway 
Vehicle  weight 
Battery  weight 
Battery  cycle  life 

Average  daily  depth  of  diacharge  for  hybrid  vehicle 
Annual  gaaoline  consumption 
Liters  of  methanol 
Gallons  of  methanol 

C.  ENERGY  CALCULATIONS 

The  following  are  equations  and  calculations  needed  for  energy  and 
depth-o f-discharge  statistics* 

1.  Total  Distance  Travelled  on  any  Cycle 

The  distance  travelled  on  any  cycle  is  given  by 

MILES  - M x DAYS 

where 

MILES  * total  distance  travelled  on  any  cycle 
M miles  per  day  travelled 

DAYS  • number  of  days  in  the  year  travelled  on  a given  cycle 

2.  Electrical  Energy  Used  on  any  Cycle 

The  electrical  energy  used  on  each  cycle  is  obtained  by 
multiplying  the  energy  per  mile  (Wh/mi)  by  the  miles  travelled  on  that  cycle, 
as  follows: 


EL  - WHPM  x MILES 


where 


WHPM  * Watt  hours  per  mile 
MILES  m Total  distance  travelled  on  any  cycle 
EL  * Watt  hours  on  that  cycle 

3*  Depth  of  Discharge 

The  depth  of  discharge  is  calculated  by  using  the  relationship 

DOD  - M/ RANGE 


where 


M ° miles  per  day 

RANGE  * distance  vehicle  travels  to  zero  state  of  charge 
DOD  * depth  of  discharge 

..  , _ total  annual  der*th  of  discharge 

Average  daily  depth  of  discharge  * - 1 — -a— 


4.  Battery  Cycles  per  Year 

The  number  of  battery  cycles  per  year  on  any  specific  driving 
cycle  is  given  by: 


CYCLES  * DOD  x DAYS 


where 


CYCLES  is  the  battery  cycles  per  year;  the  other  variables  are  as 
previously  defined  above. 


3.  Total  Distance  Travelled  per  Year 

Total  distance  travelled  in  a year  is  the  summation  of  the 
cumulative  distance  travelled  on  each  cycle. 


6.  Total  Electrical  Energy 

Total  electrical  energy  usage  is  the  summation  of  the  energy  used 
on  each  cycle. 
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7.  Total  Number  of  Battery  Cycles 

Total  number  of  battery  cycles  is  the  summation  of  the  battery 
cycles  on  each  driving  cycle. 


8.  Fraction  of  Mileage  on  ICE 

This  is  the  fraction  of  miles  driven  as  an  ICE  vehicle  on  gas  only 
and  is  given  by 


FUEL  - G/D 


where 


G = the  fuel  miles  driven  on  gas 
D * the  total  distance  in  miles 

9.  Fraction  of  Mileage  on  Electric 

This  is  the  fraction  of  miles  driven  as  electric  car  only  and  is 


given  by 


ENER  = P/D 


where 


P = the  mileage  driven  as  electric 
D - total  distance  in  miles 


10.  Annual  Travel 

This  is  the  sum  of  miles  travelled  on  electric  and  that  on  the 


heat  engine. 


11.  Amount  of  Fuel  Used  on  Highway  and  Urban  Cycles 
Amount  of  fuel  used  on  highway  is  given  by 

FC  * DAYS  x GM/MPGH 
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where 


DAYS 

GM 

MPGH 

FC 


■ number  of  days  in  the  year  travelled  on  a given  cycle 

■ wi’.wS  pe*.  day  on  gas 

* miles  per  gallon  on  highway 
3 total  fuel  used  for  highway  driving 
Amount  of  fuel  used  on  urban  cycle  is  given  by 


FC  * DAYS  x GM/MPGU 


where 


FC  3 total  fuel  used  for  urban  driving 
MPGU  3 miles  per  gallon  on  urban 

DAYS  3 number  of  days  in  the  year  travelled  on  a given  cycle 


12.  Total  Fuel  Miles 

This  is  the  sum  of  the  mileage  on  each  of  the  cycles  covered  by 
the  ICE  vehicle. 


13.  Total  Electric  Miles 

This  is  the  sum  of  the  mileage  on  each  of  the  cycles  covered  by 
the  vehicle  when  it  runs  on  electric  only.  Note  that: 

gallons  of  methanol  3 1.8  x gallons  of  gas 

liters  of  methanol  3 3.8  x gallons  of  methanol 


D.  SAMPLE  TEST  CASE 

Three  test  cases  follow:  a five-passenger  baseline  ICE,  a 

five-passenger,  400-km  Metal  Disulphide  (Li-fe-S2)  all-electric,  and  a 
five-passenger,  400-km  Lead  Acid  (Pb-Ac)  hybrid  vehicle.  Tue  input  and 
output  results  are  as  shown. 


ELECTRIC  AND  HYBRID  VEHICLE  COST  MODEL 


MXMU  BIPOLAR  5-P  EV  08-29-1984 

♦— IJWTS— • 


VEHICLE  SIZE*  5-PASS 
CURS  dQHTt  1498  ICO 
VEHICLE  NklflHT  , MTt  1634 
LIFE!  131434.9  191 

BATTERY  — 

BATTERY  tCIGHTt  404  W 
BjBCTRICITY  COSTS  .03  4/KM-H 

AVERAGE  DAILY  06TH  OF  DISCHARGE! 

flAINTENNCE  FACTOR!  ,3 

TRANSMISSION  TYPE!  fix*  rtti* 
ROTOR  - 

RATED  POHBRt  41.2  « 

CONTROLLER!  45.7  KM 

DRIVING  - 

AltAML  ELEC  USE!  2120.121  KM-H 


YEAR!  1982 

REAL  INTEREST  RATE!  10  Z 

VEHICLE  SALVAGE  VMUE!  10  I 

ACCESSORY  COST!  f 200 

NVEi  PB-AC/BIPL 
BATTERY  CYCLE  LIFE!  730 

RAXINUH  SHfcLF  LIFE!  10  YEARS 
.2217449 

DEPTH  OF  A DEEP  DISCHARGE!  .8 


TYPE!  AC 
AMOUNT!  13143.49  KH/YEAR 


*—  OUTPUTS  — * 


COST  ITERS- 

9 

c/w 

BASIC  VEHICLE  COST 

6868.21 

3.226 

782.80 

0.396 

2066.30 

1.365 

EV  TOWSHISSIGN  COST 

212.31 

0.162 

BATTERY  UM 

2203.64 

1.677 

HIGH  3306.45 

2.313 

INITIAL  COST  LON 

12123.65 

9.224 

HI0H13225.47 

10.062 

DOWPAVIENT  LON 

2424.73 

1.845 

HIGH  2645.09 

2.012 

REPLACBTT  BATTS  UM 

2203.64 

1.677 

HIGH  3306.43 

2.513 

REPAIRS  tr  MAINTENANCE 

1366.48 

1.192 

REPLACSCNT  TINES 

333.18 

0.233 

INSURANCE 

3479.00 

2.647 

GARAGING. PARK.  TOLL 

782.30 

0.595 

0.635 

TITLE.  PiG.  UC.  UM. 

806.18 

0.613 

HIGH  861.27 

BJCTRICITY 

1064.06 

0.810 

PRIK  1 INI  UM 

9696.92 

7.379 

H1GH105B0.3B 

8.030 

OPERATING  COST  UM 

19933.97  15.166 

HIGK20670.51 

15.879 

VEHICLE  SALVAGE  VALUE 

LOH  1817.14 

1.383 

HIGH  2534.48 

1.928 

BATTERY  SALVAGE  UM 

33.53 

0426 

HIGH  33.33 

0.026 

TOTAL  LIFE  CYCLE  COST 

LOH20306.02  13.603 

HIGK20947.39 

13.936 
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ELECTRIC  AND  HYBRID  VEHICLE  COST  MODEL 

5 PAX  BASELINE  ICE  100ft  1992  07-18-1964 


♦—INPUTS—* 


GENERAL  — 

YEAR:  1982 

VEHICLE  SIZE:  5-fASS 

REA.  INTEREST  RATE:  10  X 

CURB  WEIGHT:  895  KG 

VEHICLE  SALVAGE  VALUE:  10  l 

V€HICl£  WEIGHT  . WT:  ] 

1031 

LIFE:  132365.9  KM 

ACCESSORY  COST:  S 200 

BATTERY  — 

NAME:  XXX 

BATTERY  HEIGHT:  0 KG 

BATTERY  CYCLE  LIFE:  750 

ELECTRICITY  COST:  .05  l/KW-H 

HAHKft  SHELF  LIFE:  10  YEtfS 

AVERAGE  DAILY  DEPTH  Or  DISCHARGE: 

.11  DEPTH  OF  A DEEP  DISCHARGE:  .6 

WwNTENANCE  FACTOR:  1 

ENGINE  - 

FUEL  COST:  .373  t/L 

T«.  CAPACITY:  40  L 

FUEL  TYPE:  HETHAMCw 

ICE  TRANSMISSION  TYPE: 

CVT 

POWER:  31  KU 

rv- 1 ut\ 

RATED  PCUEK:  0 KU 

TYPE:  AC 

CONTROLLER:  0 KU 

EV  TRANSMISSION  TYPE:" 

Fixed  ratio 

DRIVING  - 

AMOUNT:  13236.59  KM/ YEAR 

ICE  FRACTIONAL  RANGE: 

100  X 

EV  FRACTIONAL  RA NGE:  0 1 

ANNUAL  FUEL  USE:  1302  L 

AWCJAL  ELEC  USE:  0 KU-H 

t— 

OUTPUTS  — * 

COST  ITZMS- 

S 

C/KM 

BASIC  VEHICLE  COST 

5745.61 

4.341 

ENGINE  COST 

1118. 03 

0.845 

ICE  TKANSniSSIGN  COST 

346-27 

0.262 

MOTOR  COST 

0.00 

0.000 

CONTROLLER  COST 

0.00 

0.000 

EV  TRANSMISSION  COST 

0.00 

0.000 

BATTERY  LOW 

0.00 

0.000  HIGH  0.00  0.000 

INITIAL  COST  LOU 

7209.90 

5.447  HIGH  7209.50  5.447 

DOHTf  AWlEltfT  LOW 

1441.98 

1.089  HIGH  1441.98  1.085 

REFtACEK'T  BATTS  LOU 

0.00 

0.000  HIGH  0.00  0.000 

REPAIRS  6 KIKTEKATCE 

4707.69 

3.557 

REPLACEMENT  TIRES 

2S0.22 

0.212 

3479.00 

2.628 

GARAGING. PARK,  TOLL 

782.50 

0.591 

TITLE.  REG.  LIC,  LOW. 

560.50 

0.423  HIGH  560.50  0.423 

FUcL-GIL 

5002.15 

3.779 

ELECTRICITY 

0.00 

0.000 

FRIN  6 I NT  LOU 

5767.92 

4.358  HIGH  5767.92  4.358 

OFERATING  COST  LOU 

20575.98  15.548  H1GH20579.98  15.548 

VEHICLE  SALVAGE  VALUE  LOW  277.97  0.210  HIGH  277.97  0.210 

BATTERY  SALVAGE  LOU  0.00  0.000  HIGH  0.00  0.000 


TOTAL  LIFE  CYCLE  COST  L0W21743.93  16.427  HIGH21743.98  16.427 
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ELECTRIC  AND  HYBRID  VEHICLE  COST  MODEL 


Pi/ACID  HYBRID 
*— IlfUTS — * 


00-29*1584 


GENERAL  - 

VEHICLE  SIZE!  9-PASS 
ORB  WEIGHT:  1747  KB 
VEHICLE  HEIGHT  . Hit  1883 
UFE:  164106.7  M 

RATTERY  — 

BAiTERY  lEIGHT:  410  KG 

QEcmicm  cosTt  .oq  »/mhi 
AVERAGE  DAILY  DEPTH  OF  DISCHARGE: 

MAINTENANCE  FACTOR:  1 


YEAR:  1582 

REAL  INTEREST  RATE:  10 

VEHICLE  SALVAGE  VALUE: 

ACCESSORY  COST:  1200 


10  X 


ENGI*  — 

TANK  CAPACITY:  40  L 

ICE  TRANSMISSION  TYPE: 


CVT 


NAf€:  PBAC/AD3.3 

BATTERY  CYCLE  LIFE:  750 

MAXIMUM  SELF  UFE:  10  YEARS 

.3336073 

DEPTH  OF  A DEEP  DISCHARGE:  .8 


FUEL  COST:  .373  4/L 
FUEL  TYPE:  METHANOL 
PURER:  92.7  KH 


MOTOR  — 

RATED  POWER*  47.5  KH 

CONTROLLER:  92.7  KH 

EV  TRANSMISSION  TYPE:  fix*  4 rati* 

DRIVING  — 

ICE  FRACTIONAL  RANGE:  22. 19068  1 

AfMJAL  FUEL  USE:  486.0288  L 


TYPE* 


AMOUNT:  16610.67  HI/YEAR 

EV  FRACTIONAL  RANGE*  74.3363  Z 
AMAJAL  ELEC  USE:  2639.126  XlHi 


*—  OUTPUTS  — * 

COST  ITEMS- 

* 

C/KM 

8ASIC  VEHICLE  COST 

7267.10 

4.375 

EHGIIC  COST 

1331.55 

0.802 

ICE  TRANSMISSION  COST 

388.66 

0.354 

PDTCR  COST 

502.50 

0.943 

CONTROLLER  COST 

2371.90 

1.428 

EV  TRANSMISSION  COST 

245.06 

0.148 

1.655 

BATTERY  LOU 

2164.30 

L 1.303 

HIGH  2748.66 

INITIAL  COST  LON 

14871.10 

8.953 

HIGH154S5.46 

9.305 

DOWNPAYMENT  LOU 

2574.22 

1.791 

HIGH  3091.09 

1.861 

REPLACEH'T  BATTS  LOW 

4328.60 

2.606 

HIGH  5497.33 

3.310 

REPAIRS  6 MAINTENANCE 

4289.50 

2.583 

RERJGOCNT  TIRES 

541.03 

0.326 

INSURANCE 

3475.00 

2.094 

GARAGING, PARK,  TOLL 

782.  SO 

0.471 

TITLE,  AEG,  LIC.  UH. 

943. 56 

0.568 

HIGH  572.77 

9.586 

FUEL-OIL 

1867.27 

1.124 

ELECTRICITY 

1317.56 

0.793 

PRIN  If  INT  LOW 

11896.88 

7.162 

HIGH12364.37 

7.444 

OPERATING  COST  LON 

29446.31  17.727 

HIGH29943.02  18.026 

VEHICLE  SALVAGE  VALUE 

LOW  2590.48 

1.560 

HIGH  3157.63 

1.901 

BATTERY  SALVAGE  LOW 

31.73 

0.031 

HIGH  51.73 

0.031 

TOTAL  UFE  CYCLE  COST 

L0W29778.33  17.927 

HIGN29824.79  17,599 

E~ 


BCL 

CYCLES 

D 

DAYS 

DOD 

DODMX 

EL 

EM 

ENER 

FC 

FUEL 

G 

GALM 

GAS 

GM 

K 

LITM 

M 

MILES 

MPGH 

MPGU 

P 

RANGE 


GLOSSARY 

ABBREVIATIONS  A*iD  ACRONYMS 

battery-cycle  life  in  cycles 

cycle  based  on  depth  of  discharges  and  days 

total  distance  in  miles 

number  of  days 

depth  of  discharge 

maximum  depth  of  discharge 

Watt  hours 

miles  per  day  on  electric 

fraction  of  mileage  on  electric 

total  fuel  used  for  urban  or  highway  driving 

fraction  of  mileage  on  fuel 

fuel  miles 

gallons  of  methanol 

annual  gasoline  consumption  in  gallons 

miles  per  day  on  gas 

cut-off  range  in  miles 

liters  of  methanol 

miles  per  day 

total  distance  travelled  in  miles  on  any  cycle 

miles  per  gallon  — highway 

miles  per  gallon  — urban 

miles  on  electric 

range  in  miles 
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VEH 

WB 

WC 

WHPM 

WC 

X 


vehicle  type,  electric  or  hybrid 

battery  weight  in  kilograms 

vehicle  curb  weight  in  kilograms 

watt  hour  per  mile 

vehicle  curb  weight  in  kilograms 

total  annual  depth  of  discharge  on  all  cycles 
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A.  INTRODUCTION 


The  Advanced  Vehicle  Coat  Program  (AVCOST)  ia  a computer  program  written 
in  the  IBM  version  of  Microaoft  Basic  for  use  in  computing  initial,  operating, 
and  life-cycle  costa  of  advanced  vehicles.  It  is  being  used  for  the 
evaluation  of  candidate  vehicles  in  the  Advanced  Vehicle  Assessment  study  as 
part  of  the  work  performed  by  the  Jet  Propulsion  Laboratory  (JPL)  for  the 
Electric  and  Hybrid  Vehicle  (EHV)  Division  of  the  U.S.  Department  of  Energy 
(DOE).  In  its  present  form  the  program  is  interactive,  and  the  user  is 
prompted  for  various  inputs.  Other  inputs  into  the  program  are  from  files 
that  have  been  previously  created  after  running  AVSIZING  and  AVENERGY  programs. 

The  advanced  vehicles  that  could  be  used  with  the  program  are 
all-electric  two-,  four-,  and  five-passenger  vehicles  or  vans  and  four-  and 
five-passenger  hybrid  vehicles  and  corresponding  baseline  internal  combustion 
engine  (ICE)  vehicles.  In  the  following  pages,  input,  output,  cost 
calculations,  and  an  example  test  case  are  presented. 


3.  INPUT  AND  OUTPUT 

The  following  paragraphs  list  the  input  required  for  the  program;  a 
sample  output  is  also  included. 


1.  Input 

Input  into  the  program  depends  on  whether  the  vehicle  is 
all-electric,  a hybrid  vehicle,  or  a baseline  ICE.  Sample  input  into  each 
type  of  vehicle  is  listed  below: 


Input:  All-Electric 

The  page  heading 

The  name  of  the  battery 

Enter  1 for  hybrid,  2 for  electric  only,  or  3 for  ICE  vehicle 
Type  the  number  of  passengers  as  follows: 

1 - Two-passenger 

2 - Four-passenger,  250-mi 

3 - Five-passenger,  250-mi 

4 - Five-passenger,  100-mi 

5 - Five-passenger,  150-mi 


6  - Van 
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sum 


Cost  of  electricity  in  4/kWh 

Battery  shelf  life  in  years 

Depth  of  a deep  discharge  (use  cut-off  DOD) 

Vehicle  maintenance  factor — defaults 
Vehicle  life  in  years 

Motor  type:  1 for  ac,  2 for  dc  brushless,  and  3 for  dc  brush 

Controller  type:  1 for  ac,  2 for  dc  brushless,  and  3 for  dc 

brush 

Vehicle  salvage  value  as  percent  of  new 
Percent  real  interest  rate 
Percent  real  discount  rate 
Number  of  years  to  finance  over 

Input : Hybrid 

The  page  heading 

The  name  of  the  battery 

Enter  1 for  hybrid,  2 for  electric-only  or  3 for  ICE  vehicles 
Type  the  number  of  passengers  as  follows: 

1 - Two-pas 8enger 

2 - Four-passenger,  250-mi 

3 - Five-passenger,  250-mi 

4 - Five-passenger,  100-mi 

5 - Five-passenger,  150-mi 

6 - Van 

Cost  of  electricity  in  1/kWh 

Battery  shelf  life  in  years 

Depth  of  a deep  discharge  (use  cut-off  DOD) 

Vehicle  maintenance  factor — default*! 
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Vehicle  life  in  yeere  ■ 

Motor  type:  l for  ac,  2 for  dc  brushless,  snd  3 for  dc  brush 

Controller  type:  l for  sc,  2 for  dc  brushless,  snd  3 for  dc 

brush 

Vehicle  salvage  value  as  percent  of  new 
type  1 for  gasoline  fuel,  2 for  diesel,  3 for  methanol 
Cost  of  fuel  for  1992  in  1982$/liter 

Percent  reel  interest  rate 

Percent  real  discount  rate 
Number  of  years  to  finance  over 

c « Input:  Baseline  ICE 

The  page  heading 

Enter  1 for  hybrid,  2 for  electric,  or  3 for  ICE  vehicle. 

Type  the  number  of  passengers  as  follows: 

1 - Two-passenger 

i 

. i 

2 - Four-passenger,  250-mi  j 

3 - Five-passenger,  250-mi  j 

4 - Five-passenger,  100-mi  j 

! 

5 - Five-passenger,  150-mi  l 

6 - Van  | 

j 

Vehicle  maintenance  factor— 4e fault*  1 < 

| 

Vehicle  life  in  years  ! 

Vehicle  salvage  value  as  a percent 

Type  1 for  gasoline,  2 for  diesel,  3 for  methanol 

Cost  of  fuel  in  1992  in  1982|/liter 

Percent  real  interest  rate 
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Percent  real  discount  rate 


Number  of  years  to  finance  over 

The  input  is  printed  together  with  the  output  results  as  shown  in  the  test 
case  examples  in  Subsection  D. 


2.  Output 

Output  results  from  the  program,  as  well  as  the  inputs  into  the 
program,  are  printed  on  the  same  page.  This  arrangement  provides  easy  check 
on  the  input. 


The  output  results  from  the  program  are  categorized  into  initial, 
operating,  and  life-cycle  costs.  Initial  cost  is  subdivided  into  basic 
vehicle,  engine,  electric  transmission,  motor,  controller,  engine 
transmission,  and  battery  cost.  Operating  cost  is  subdivided  into  replacement 
batteries,  repairs  and  maintenance,  replacement  tires,  insurance,  garage, 
park,  toll,  title,  registration,  license,  fuel  oil  and  electricity,  and 
vehicle  interest.  Salvage  value  and  life-cycle  costs  are  also  printed  out.  A 
sample  output  is  as  shown  in  the  test-case  examples  for  all-electric,  hybrid, 
and  a baseline  ICG  vehicle  in  Section  D. 


C.  COST  CALCULATIONS 

The  following  paragraphs  show  the  computation  for  initial,  operating, 
and  life-cycle  costs. 


1.  Initial  Cost 

Initial  cost  is  defined  as  the  cost  to  the  consumer.  It  is  made 
up  of  the  following  costs:  basic  vehicle,  engine,  transmission,  (one  or  two 
transmissions)  motor,  controller,  and  battery  costs. 


a.  Basic  Vehicle  Cost.  This  cost  is  conputed  as  the  product  of  the 
weight  of  the  basic  vehicle  and  a cost  per  weigh;;  of  the  basic  vehicle.  The 
basic-vehicle  weight  is  obtained  by  removing  the  battery,  motor,  engine, 
controller,  and  transmission  from  the  vehicle  curb  weight. 

Thus 

Basic  Vehicle  Weight  (WBV)  * Curb  weight  (CURBWT) 

- Battery  weight  (WB) 

- Motor  weight  (MOTWT) 

- Engine  weight  (ENGWT) 

- Controller  weight  (CONWT) 
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• Electric  transmission  weight  (TRANWI  EV  case) 

- Electric  transmission  weight  (ETRANWT  HV  case) 

- Engine  transmission  weight  (GTRANWT). 

User  inputs  are  curb  weight  and  battery  weight.  The  other  weights 
are  calculated  as  functions  of  the  rated  power  as  follows: 

Motor  weight  * M°Q°4g'kW 


when  a specific  weight  of  490  W/kg  is  assumed  for  ac  (Volume  II,  Subsystems 
Assessment), 640  W/kg  for  dc  brushless,  and  220  W/kg  for  dc  brush. 

„ . , _ _ Engine  power  kW 

Engine  weight  = — “ — 


when  a specific  weight  of  450  W/kg  is  assumed  for  engine  (see  Volume  II) 


„ _ ,,  . , ^ _ Controller  power  kW 

Controller  weight  = 2 5*  


when  a specific  weight  of  2500  W/kg  is  assumed  for  ac,  875  W/kg  for  dc 
brushless,  and  1470  W/kg  for  dc  brush. 


Transmission  weight 


Power  (CVT) 
1.1 


when  a specific  weight  of  1100  W/kg  is  assumed  for  Belt  CVT  (see  Volume  II) 


Transmission  weight 


Power*( fixed  ratio) 
1.42 


when  a specific  weight  of  1420  W/kg  is  assumed  for  fixed-gear  reduction  (see 
Volume  II) 


Transmission  weight  - 


♦Note  that  power  is  pea  . power. 
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when  a specific  weight  of  1060  W/kg  is  assumed  for  4-speed  manual  (see 
Volume  II) 


Transmission  weight 


Power* 

0.86 


when  a specific  weight  of  860  W/kg  is  assumed  for  the  2-speed  auto  (see 
Volume  11). 


Basic  Vehicle  Cost  (BVC)  * basic  vehicle  weight  (WBV) 

x cost  per  kg  of  basic  vehicle  (BVCPKG) 
+ accessory  cost  (CACC) 

Basic  vehicle  cost  (BVC)  = WBV  x BVCPKG  + CACC 


where 


WBV  = the  basic  vehicle  weight  calculated  as  shown  above 

BVCPKG  * the  cost  per  kg  of  basic  vehicle  weight.  This  is  representative 
of  the  cost  per  kg  of  a 1981  Chevrolet  Citation  (Wayne  Carrier, 
General  Research  Corporation).  The  cost  of  accessories  is 
assumed  to  be  $200. 


b.  Engine  Cost.  Engine  cost  is  given  by  the  following: 


Engine  cost  * 1.5  x 240  x (Engine  Power  in  kW)  0*33 

for  gas  engine  from  Volume  II 

1.5  x 260  x (Engine  Power  in  kW)  0*33 

for  diesel  engine  from  Volume  II 

Engine  maximum-rated  power  is  an  input 

1.5  represents  the  mark-up  from  OEM  cost  to  sale  price 


c.  Transmission  Cost.  Transmission  cost  is  a function  of  rated 
power.  Transmission  cost  is  related  to  the  rated  power  by 


Transmission  cost  ■ 11.17  x Power  (CVT) 
Transmission  cost  * 5.58  x Power  (4-Speed) 


*Note  that  power  is  peak  power. 
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Transmission  cost  = A. 65  x Power  (fixed  ratio) 
Transmission  cost  = 5.40  x Power  (2-Speed  Auto) 
Transmission  rated  power  is  an  input. 


d.  Motor  Cost.  Motor  cost  is  given  by 

Motor  cost  =19  x Motor  Power  kW  (ac) 

= 26.5  x Motor  Power  kW  (dc  brushless) 

=79  x Motor  Power  kW  (dc  brush) 

Cost  includes  the  mark-up  of  1.5  (see  Volume  II) 

Motor-rated  power  is  an  input. 

e.  Controller  Cost.  Controller  cost  is  related  to  controller 

power  by: 

Controller  cost  = 45  x controller  power  kW  for  ac  (see  Volume  II) 

= 90  x controller  power  kW  for  dc  brushless  (see 
Volume  II) 

= 62.5  x controller  power,  kW  dc  brushless  (see 
Volume  II) 

The  cost  for  the  controller  includes  the  mark-up  of  1.5. 
Controller-rated  power  is  an  input. 


f.  Battery  Cost.  Battery  cost  is  calculated  using  Symon' s 
Equation  of  the  form: 


Cost  (1983$)  = A x kWh  + B x kW  + C 


where  A is  the  specific  energy  specified,  B is  the  specific  power  specified, 
and  C is  a constant  for  the  battery. 

Battery  cost  for  each  battery  type  and  design  is  listed  in  the 
program.  The  high  battery  cost  represents  the  upper-bound  cost  of  that 
battery. 


As  mentioned  before,  initial  cost  is  the  sum  of  the  following 
cost:  basic  vehicle,  engine,  transmission,  (one  or  two  transmissions)  motor, 

controller,  and  battery. 
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2.  Operating  Cost 

Operating  costa  include  the  following:  replacement  batteries, 

replacement  tires,  insurance,  repairs  and  maintenance,  insurance,  garage, 
parking,  toll,  title,  registration,  license,  fuel  and  oil,  electricity,  and 
equivalent  road  tax.  Each  one  of  these  is  as  discussed  below.  It  may  be 
noted  that  each  of  these  annual  values  is  discounted  to  present  values. 


a.  Replacement  Battery  Cost.  The  cost  of  replacement  batteries 
is  the  product  of  the  unit  cost  of  battery  and  the  number  of  replacement 
batteries.  The  number  of  replacement  batteries  may  be  a fraction.  In  such  a 
case  the  price  of  a whole  battery  is  determined  and  the  difference  between  the 
whole  number  and  fraction  is  taken  as  battery  salvage*  The  appropriate 
discount  factor  is  applied* 


b.  Repairs  and  Maintenance  Cost.  For  all  cars  except  five- 
passenger  cars,  repairs  and  maintenance  cost  is  given  by 


RPM  = [81.73  + (y^  * KMYR  * EOLY  * MFAC) ] + [MICE  + * KMYR  * RICE)] 


For  five-passenger  cars 


i o o 9 0S 

RPM  = [78.67  + (y^p  * KMYR  * EOLY  * MFAC)  ] + [MICE  + (y^p  * KMYR  * RICE)] 


where 

MFAC  = maintenance  factor 

EOLY  = decimal  fraction  of  operation  time  with  electric  propulsion 
operating 

RICE  = decimal  fraction  of  operating  time  with  ICE  propulsion  operating 
The  appropriate  discount  factor  is  applied. 


c.  Replacement  Tires. 

RTIR  * [RTKM  * (368.74  + (0.18086  * CURBWT)/( 128748) ] 


where 


RTIR  * total  cost  of  replacement  tires  over  the  vehicle  life 
RTKM  = TKM  - 64374 


M-160 


CURBWT  * curb  weight  of  the  vehicle 

TKM  = vehicle  life  in  km  or  total  km  driven  over  the  vehicle  life. 
The  appropriate  discount  factors  at  the  times  of  replacement  are  applied. 


d.  Insurance . 

INSR  * 748  + 243  Cl  for  2-,  4-passenger  and  vans 
= 919  + 256  Cl  for  5-passenger 


where 

INSR  = total  cost  of  insurance  over  the  vehicle  life 
Cl  = discount  factor 


e.  Garage,  Parking,  and  Toll. 

PTE  = 78.25  * Cl 


where 

PTE  * total  cost  of  garaging,  parking,  toll,  etc.  over  the  vehicle 
life 

Cl  = discount  factor 

f .  Title,  Registration,  and  License. 


TRLE  - 20  * Cl  + (0.05  * INIT) 


where 

TRLE  = total  cost  of  title,  registration,  license,  etc.  over  the 
vehicle  life 

Cl  * discount  factor 

INIT  = initial  cost  of  the  vehicle 
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g* 


Fuel  and  Oil 


CFUL  * AFUS*PFUEL*1.03*CI 


where 

CFUL  = total  cost  of  fuel  and  oil  over  the  ICE  or  hybrid  vehicle  life 
AFUS  = annual  fuel  use  in  liters 
PFUEL  * cost  of  fuel  in  $/ liters 
Cl  * discount  factor 

The  factor  of  1.03  is  used  to  allow  for  the  cost  of  oil  rather 
than  just  the  cost  of  gas  or  diesel. 


h.  Electricity  Cost: 


CELE  = AELC*PELEC*CI 


where 


CELE 

PELEC 

AELC 

Cl 


total  cost  of  electricity  over  the  vehicle  life 
electricity  price  in  4 per  kWh 
annual  electricity  use  kWh 
discount  factor 


i.  Annual  Principal  and  Interest  Payment.  After  the  initial 
cost  of  the  vehicle  has  been  calculated,  a down  payment  of  20  percent  is 
assumed.  The  difference  is  capitalized  over  the  life  of  the  vehicle  and  added 
to  the  annual  operating  costs.  This  annual  cost  is  calculated  using 


APINT  * 0.8*INIT 


i(l+i)n 

(l+i)n-l 

» 


where 


APINT 

i 


the  annual  principal  and  interest  payment 
interest  rate 
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W 


mmmhMI 


n * vehicle  life 

INIT  * initial  cost  of  the  vehicle 

Total  operating  cost  is  the  sum  of  the  costs  of  replacement  batteries, 
repairs  and  maintenance,  replacement  tires,  insurance,  garage,  parking,  tolls, 
title,  registration,  license,  fuel  and  oil,  electricity,  and  annual  principal 
and  interest  payment.  Salvage  value  is  made  up  of  salvage  from  vehicle  and 
from  battery  material. 

Total  life-cycle  cost  is  the  sum  of  initial  cost  and  operating  cost,  ler»s 
salvage  value. 


D.  SAMPLE  TEST  CASE 

Three  test  cases  are  presented  below: 

A 5-passenger  baseline  ICE,  a 5-passenger  400-km  lithium  metal  disulphide 
(Li-fe-S2)  all-electric,  and  a 5-passenger  400-km  lead  acid  (Pb-Ac)  hybrid 
vehicles.  The  input  and  output  results  are  as  shown. 
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ELECTRIC  AND  HYBRID  VEHICLE  COST  MODEL 


5 PAX  BASELIC  ICE  290H  07-18-1904 

♦-INPUTS-* 


GENERAL  - 

VEHICLE  SIZE*  9-PASS 
Om  yEIOHT:  895  KG 
VEHICLE  HEIGHT  , NT*  1031 
LIFE*  164106  KH 

BATTERY  - 

BATTERY  HEIGHT*  0 KG 
ELECTRICITY  COST:  .05  ft/KW-H 

AVERAGE  DAILY  DEPTH  OF  DISCHARGE*  1 
MAINTENANCE  FACTOR:  1 


MTASl  I goo 

REAL  INTEREST  RATE*  10  X 
VEHICLE  SALVAGE  VALUE*  10  l 

ACCESSORY  COST*  0 200 

NAME*  XX 

BATTERY  CYCLE  LIFE*  1 
MAX IHUH  SHELF  LIFE:  10  YEARS 

DEPTH  OF  A DETF  DISCHARGE:  .8 


ENGINE  - 

TANK  CAPACITY:  40  l 

ICE  TRANSMISSION  TYPE:  CVT 

MOTOR  - 

RATED  POUER:  0 KW 

CONTROLLER:  0 KH 

EV  TRANSMISSION  TYPE:  fixed  rttio 

DRIVING  - 

ICE  FRACTIONAL  RANGE*  100  X 
ANNUAL  FUEL  USE*  1610  L 


FUEL  COST:  .373  $/L 
FUEL  TYPE:  METHANOL 
POHER:  31  KM 


TYPE: 


AC 


AMOUNT:  16610.6  Ml/ YEAR 
EV  FRACTIONAL  RANGE*  0 X 
ANNUAL  ELEC  USE:  0 MHi 


*—  OUTPUTS  — * 


COST  ITEMS- 

ft 

C/KH 

BAS1C  VEHICLE  COST 

5745.61 

3.459 

ENGINE  COST 

1116.03 

0.673 

ICE  TRANSMISSION  COST 

346.27 

0.20C 

MOTOR  COST 

0.00 

0.000 

CONTROLLER  COST 

0.00 

0.000 

EV  TRANSMISSION  COST 

0.00 

0.000 

BATTERY  LOH 

0.00 

0.000 

HIGH 

0.00 

0.000 

INITIAL  COST  LOW 

7209.90 

4.341 

HIGH 

7209,90 

4.341 

IXMff'AYHENT  LOW 

1441.98 

0.868 

HIGH 

1441.96 

0.868 

REPLACE)! 'T  BATTS  LOW 

0.00 

0.000 

HIGH 

0.00 

0.000 

REPAIRS  6 HAIW1ENANCE 

9352.12 

3.222 

REPLACEMENT  TIRES 

419.27 

0.292 

INSURANCE 

3479.00 

2.094 

GARAGING. PARK,  TOLL 

782.90 

0.471 

TITLE.  REG.  LIC.  LOW. 

560.90 

0.337 

HIGH 

960.90 

0.337 

FUEL-OIL 

4185.46 

3.724 

ELECTRICITY 

0.00 

0.000 

PR1N  6 INT  LOW 

5767.92 

3.472 

HIGH! 

5767.92 

3.472 

OPERATING  COST  LOW 

22546.77 

13.574 

HIGK22546.77 

13.974 

VEHICLE  SALVAGE  VALUE 

LOW  277.97 

0.167 

HI  OH 

277.97 

0.167 

BATTERY  SALVAGE  LOW 

0.00 

0.000 

HlflH 

0.00 

0.000 

TOTAL  LIFE  CYCLE  COST 

LOW23710.78 

14.274 

K 

• 

0 

1 

14.274 
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ORIGINAL  PAGE  IS 
OF  POOR  OVALITY 


ELECTRIC  AND  HYBRID  VEHICLE  COST  MODEL 


290-411  LI/FES  5-P  EV 
•—INPUTS—* 


00-29-1964 


VEHICLE  SIZE!  5-PASS 
CURB  WEIGHTS  1804  HO 
VEHICLE  WEIGHT  , NT!  1940 
LIFE*  166106.7  KM 

BATTERY  - 

BATTERY  WEIGHTS  619  ICO 
aECTRICITY  COST!  M 4/KH-H 


YEMU  1982 

MEAL  INTEREST  BATE!  10  X 

VEHICLE  SALVAGE  VALUE!  10  X 

ACCESSORY  COST!  6 200 

NfVEi  LI-fE-S1.0 
BATTERY  CYCLE  LIFE!  790 

MAXIMUM  SHELF  LIFE!  10  YEARS 


AVERAGE  DAILY  DEPTH  OF  DISCHARGE!  .1000648 

DEPTH  OF  A DEEP  DISCHARGE!  .6 

MAINTENANCE  FACTOR!  1.29 

TRANSHISSION  TYPE!  fix*4  rttU 
ROTOR  - 

RATED  PQCRi  46.9  KM  TYPE!  AC 

CONTROLLER!  94.3  W 


WIVING  - 
ANNUAL  QxC  USE! 


4480.493  nHi 


AMOUNT!  16610.67  KH/VEAR 


OUTPUTS 


COST  ITEMS- 

BASIC  VEHICLE  COST 
MOTOR  COST 
CONTROLLER  COST 
EV  TRANSMISSION  COST 
BATTERY  LON 

INITIAL  COST  LON 
DOWNPAYMENT  LON 


6 C/KM 
7393.25  4.427 
929.10  0.999 
2443.50  1.471 
292.90  0.152 

8360.80  5.033  H10H10/01.82  6.443 

19339.14  11.643  NI0K21680. 16  13.092 
3667.63  2.329  HICH  4336.03  2.610 


NEPLACER'T  BATTS  LON 
fCPAIRS  6 MAINTENANCE 
REPLACEMENT  TIRES 
lfffWVCE 

GARAGING, PARK.  TOLL 
TIM,  AEG,  L1C,  LON. 
ELECTRICITY 
PRIN  6 HIT  LON 

OPERATING  COST  LON 


0.00  0.000  HIGH  0.00  0.000 
3164.32  1.917 
949.18  0.331 
3479.00  2.094 
782.90  0.471 

1166.96  0.703  HIGH  1284.01  0.773 
2240.23  1.349 

19471.31  9.314  H1GH17344. 13  10.442 
26673.51  16.178  H10H28863.3B  17.376 


VEHICLE  SALVAGE  VALUE  LON  423.26  0.295  HIGH  423.26  0.299 
BATTERY  SALVAGE  LON  125.46  0.076  HIGH  125.46  0.076 


TOTAL  LIFE  CYCLE  COST  L0N9O192. 62  16.177  H1GM32690.69  19.686 
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ELECTRIC  AND  HYBRID  VEHICLE  COST  MODEL 


SD-*’  PI/ACID  HYBRID  06-29-1984 

*—hwts—* 


VEHICLE  SIZE*  5-PASS 
CURB  (EIGHT*  1747  HD 
VEHICLE  IftlOHI  , WT*  1883 
LIFE*  166106. 7 101 

BATTERY  - 

BATTERY  MEIOHTc  410  KG 
GLECIRICITY  COST*  .05  4/W-H 

AVERAGE  DAILY  DEPTH  OF  DISCHARGE*  . 

MAINTENANCE  FACTOR*  1 

ENDUE  - 

TAMC  CAPACITY*  40  L 

ICE  TRANSMISSION  TYPE*  CVT 

ROTOR  — 

RATED  FIBER*  47.5  KM 

CONTROLLSt*  92.7  KM 

EV  TRANSMISSION  TYPE*  fiml  r«ti« 

DRIVING  - 

ICE  FRACTIONAL  RANGE*  22. 15098  Z 
ANNUAL  FUB.  USE*  406.0298  1. 


YEAR*  1882 

REAL  INTEREST  RATE*  10  1 

VEHICLE  SALVAGE  VALUE*  10  1 

ACCESSORY  COST*  *200 

NAME*  PMC/AD3.3 
BATTERY  CYCLE  LIFE*  750 

MAIIMUM  SHELF  LIFE*  10  YEARS 
3336073 

DEPTH  OF  A DEEP  DISCHARGE*  .8 


FUB.  COST*  .373  4/L 
REL  TYPE*  METHANOL 
POMERi  52.7  KM 


TYPE*  AC 


ANOUNTl  16610.67  KM/VEAR 
EV  FRACTIONAL  RANOE*  74.3363  Z 
AMtML  ELEC  USE*  2635.126  KM-H 


*-  OUTPUIS  -♦ 

GOST  ITB6- 

I 

C/KM 

BASIC  m S0£  COST 

7267.10 

4.375 

BBUE  COST 

1331.88 

0.802 

ICE  TRANSMISSION  COST 

5BB.66 

0.354 

HDTOR  C06T 

902.50 

0.543 

CONTROLLER  COST 

2371.50 

1.42B 

EV  TRANSMISSION  COST 

245.06 

0.148 

BATTERY  LOM 

2164.30 

1.303 

HIGH  2748.66 

1.655 

INITIAL  COST  LON 

14871.10 

8.953 

NIQHI5455.46 

9.305 

ODMNPAYIGTT  LOW 

2974.22 

1.791 

HIGH  3091.09 

1.861 

REPLACEH'T  BATTS  LOM 

4328.60 

2.606 

HUM  5*97.33 

3.310 

REPAIRS  6 MAINTENANCE 

4289.90 

2.583 

WUCBBfl  TIRES 

541.03 

0.326 

INSURANCE 

3479.00 

2.094 

QAAAGINO.PAAK.  TOLL 

782.50 

0.471 

TITLE.  REG.  LIC.  UM. 

943.56 

0.568 

HIGH  972.77 

0.986 

FUB.-OIL 

1867.27 

1.124 

ELECTRICITY 

1317.56 

0.793 

PRIN  6 INT  i'jOM 

11896.88 

7.162 

HI0H12364.37 

7.444 

OPERATING  COST  LON 

29446.31  17.727 

HI0K29943.02  18.026 

VEHICLE  salvage  value 

LOM  2990.48 

1.960 

HIGH  3157.63 

1 1.901 

BATTERY  SALVAGE  LOM 

91.73 

0.031 

HIGH  51.73 

1 0.031 

TOTAL  LIFE  CYCLE  COST 

L0M29778.33 

17.927 

M0K29B24.7S 

1 17.995 

GLOSSARY 


ADOD 

AELC 

AFUS 

APINT 

APINTH 

AUP 

BATT 

BI 

BLIP 

BVC 

BVCPKG 

CACC 

CCON 

CEL 

CFU 

Cl 

CKW 

CMOT 

CONWT 

COSTRAN 

CURBWT 

CWBT 

CWBTR 


ABBREVIATIONS  AND  ACRONYMS 

average  daily  depth  of  discharge 

annual  electricity  use  in  kWh 

annual  fuel  use  in  liters 

annual  principal  and  interest  payment  (low) 

annual  principal  and  interest  payment  (high) 

mark-up  OEM  to  sal*-  price 

battery  name 

inflation  factor 

battery  shelf  life 

basic  vehicle  cost 

basic  vehicle  cost  per  kg 

accessories  cost  $ 

controller  cost 

total  cost  of  electricity 

total  cost  of  fuel  and  oil 

ratio  of  inflation  to  discount  factor 

power  of  controller 

motor  cos t 

controller  weight 

cost  of  EV  transmission  t 

vehicle  curb  weight  kg 

battery  cost  t (low) 

battery  cost  I (high) 
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CURB 

CWRBH 

CYCB 

DDCG 

DI 

DNBAT 

DPMH 

DPML 

DRBAT 

ECOSTRAIN 

ENGC 

ENGWT 

EOLY 

EPOW 

ETKW 

ETRAN 

ETRANfc 

ETRANWT 

FI 

FTYP 

FYEAR 

GCOSTRAN 

GTRAN 

GTRANi 

GTRANWT 


cost  of  replacement  batteries  (low)  t 
cost  of  replacement  batteries  (high)  $ 
battery  cycle  life  in  cycles 
depth  of  a deep  discharge 
discount  factor 

difference  between  integer  value  of  number  of 
batteries  and  number  of  batteries 

downpayment  (high) 

downpayment  (low) 

difference  between  integer  value  of  number  of 
replacement  batteries  and  number  of  replacement 
batteries 

cost  of  EV  transmission 
cost  of  engine  $ 
engine  weight 

EV  fractional  use  of  vehicle 
engine  power 
EV  transmission  power 
EV  transmission  type 
EV  transmission  type 
EV  transmission  weight 
inflation  factor 
fuel  type 

number  of  years  to  finance  over 
ICE  transmission  cost 
ICE  transmission  type 
ICE  transmission  type 
ICE  transmission  weight 
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IDOL 

1982 

INBAT 

integer  value  of  the  number  of  batteries 

IN  IT 

Initial  coat  (low  8) 

INITH 

initial  coat  (high  8) 

IN  SR 

coat  of  insurance  8 

IRBAT 

integer  value  of  number  of  replacement  batteries 

KMYR 

annual  travel  in  km  per  year 

RUHR 

kilowatt  hour 

LI 

inflation  factor 

MCPKWH 

battery  material  coat  per  kWh 

ME 

maintenance  constant 

MFAC 

maintenance  factor 

MICE 

maintenance  constant 

MKW 

motor  power 

MOTWT 

motor  weight 

MTYP8 

Motor  type 

NBAT 

number  of  batteries 

NT  RAN 

number  of  transmissions 

OPER 

operating  cost  (low  8) 

OPERH 

operating  coat  (high  b) 

PANDPL 

passenger  and  payload 

PAPINT 

present  value  of  principal  and  interest 

PELEC 

price  of  electricity 

PFUEL 

price  of  fuel 

PTE 

parking  and  toll 

RBAT 

number  of  replacement  batteries 
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RBATYR 

year  of  first  replacement  batteries 

RDISR 

real  discount  rate 

RICE 

fraction  of  ICE  mileage 

RINTR 

real  interest  rate 

RPM 

repair  and  maintenance  cost 

RTIR 

cost  of  replacement  tires 

SI 

inflation  factor 

SLBV 

salvage  value  of  vehicle 

SVB 

salvage  value  of  battery 

SVBI 

battery  material  salvage  value  (low) 

SVB2 

battery  material  salvage  value  (high) 

SVV 

salvage  value  of  vehicle  (low) 

SVVH 

salvage  value  of  vehicle  (high) 

TEMPI 

temporary  addition  to  a sum 

TEMP2 

temporary  addition  to  a sum 

TEMP  3 

temporary  addition  to  a sum 

TEMP  4 

temporary  addition  to  a sum 

TEMP  5 

temporary  addition  to  a sum 

TEMP  7 

temporary  addition  to  a sum 

TEMP  8 

temporary  addition  to  a sum 

TEMP9 

temporary  addition  to  a sum 

TEMPIO 

temporary  addition  to  a sum 

TI 

inflation  factor 

TKM 

total  travel  during  life  of  vehicle 

TRAWT 

EV  transmission  weight 

TRBATYR 

year  of  second  battery  replacement 

TRLE 

cost  of  title  and  registration  (low) 
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TRLEH 

cost  of  title  and  registration  (high) 

TIL 

total  life-cycle  cost  (low) 

TTLH 

total  life-cycle  cost  (high) 

VGAS 

tank  volume  in  liters 

VTYP 

vehicle  type  (hybrid,  electric,  ICE) 

WB 

weight  of  battery 

WBV 

weight  of  basic  vehicle 

WT 

test  weight  of  vehicle 

YEAR 

life  of  vehicle  in  years 

ZI 

inflation  factor 
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APPENDIX  N 

BATTERY  DISCHARGE  MODELS 
BASED  ON  ASSESSMENT  OF 
AV  BATTERY  REVIEW  BOARD 


Battery  Model  coefficient  generator: 
PB/ACID/i . 0 


DATA 

Pd 

Ed 

tau 

ln(Pd) 

In ( tau ) 

10 

47.99 

4.799 

2.30259 

1.56841 

20 

45.06 

2.253 

2.99573 

.812263 

30 

41.99 

1.39967 

3.4012 

.336234 

40 

38. 7S 

.96875 

3.68888 

-.0317485 

SO 

35.29 

.7058 

3.91202 

- . 348423 

60 

31.48 

.524667 

4.09435 

- .644992 

70 

27.11 

.387286 

4.2485 

-.948593 

80 

21.38 

.26725 

4.38203 

-1.31957 

RESULTS  

- 

• 

ln(Pd)  * 3.66561  ♦ -.705735  *ln(tau>  + -.110161  *tln<tau)lA2 


CHi  * 3.66S61 
CH2  * -.705735 
CH3  * -.110161 


Sum  of  the  squares  of  the  residuals  * 2.26633F-03 

Standard  error  estieate  = .0194351 

Coefficient  of  detereination  * .999346 


PRECEDING  PAGE  BLANK  NOT  FILMED 


N-3 


PAQE  fj-l*  INTENTIONALLY  BLANK 


Battery  Model  coefficient  generator: 
PB/ACID2 . 1 


ORIGINAL  PAGE  IS 
OF  POOR  QUALITY 


DATA 


Pd 

Ed 

tau 

In (Pd ) 

] n < tau  ) 

10 

45.74 

4.574 

2.30259 

1.52039 

20 

43.01 

2.1505 

2.99573 

.7657 

30 

40.2 

1.34 

3.4012 

.29267 

40 

37 . 29 

.93225 

3.68888 

-.070154 

50 

34.25 

.685 

3.91202 

- .378337 

60 

31  . 03 

.517167 

4 . 09435 

-.65939 

70 

27.6 

. 394286 

4.2485 

-.930679 

80 

23.8 

.2975 

4.38203 

-1.21234 

90 

19.32 

.214667 

4.49981 

-1.53867 

100 

12.36 

.1236 

4.60517 

-2 . 0907 

135 

1 . 13 

8.37037E-03 

4.90528 

-4.78306 

RESULTS  


ln(Pd  > = 3.62626  + -.717755  *].n(tau>  + -.094989  *[ In ( tau ) 3 A2 


CHi  * 3.62626 
CH2  = -.717755 
CH3  = -.094989 


Sum  of  the  squares  of  the  residuals  = .016799? 

Standard  error  estiMate  = .043204 

Coefficient  of  deterMination  = .997163 
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Battery  nodel  coefficient  generator: 
PB/ACID/2 . 4 


ORIGINAL  PAGE  IS 
OF  POOR  QUALITY 


DATA 


Pd 

Fd 

tau 

In (Pd ) 

In ( tau ) 

10 

42.59 

4.259 

2.30259 

1 . 44903 

20 

40.61 

2.0305 

2.99573 

.708282 

30 

38.56 

1 . 28533 

3.4012 

.251018 

40 

36 . 44 

.911 

3.68888 

-.0932123 

50 

34.22 

.6844 

3.91202 

-.379213 

60 

31.87 

.531167 

4.09435 

-.632679 

70 

29.37 

.419572 

4 . 2485 

- . 868522 

80 

26.63 

.332875 

4 .38203 

-1  . 09999 

90 

23.52 

.261333 

4.49981 

-1.34196 

100 

19 . 65 

.1965 

4.60517 

-1 .62709 

RESULTS  

In  (Pd  > * 3.62408  + -.782033  *ln<tau>  + -.0989376  *nn(tau)]A2 


('Hi  = 3.62408 

CH2  * -.782033 
CH3  * -.0989376 


Sum  of  the  squares  of  the  residuals  = 3 30163F.-03 

Standard  error  estimate  = .0203151 

Coefficient  of  determination  = .999317 
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ELVGC  battery  CH  coefficient  curve  plot 


For  battery:  PB/ACID/2.4 


CH-i  * 3.62408  Pdnax  » A35 

CH-2  * -.782033 
CH-3  * -.0989376 


Specific  Enercjy 


Ed  (Wh/kQ) 


Battery  Model 
PB/ACID/3 . 3 

DATA 

cceff ic ient 

genera  tor : 

ORIGINAL 
OF  POOR 

page  II 
quality 

Pd 

Ed 

tau 

In  (Pd ) 

] n ( t a iO 

10 

39 . 43 

3.943 

2.30259 

1 . 37194 

20 

37 . 86 

1.893 

2.99573 

.638163 

30 

36.25 

1.20833 

3.4012 

. 189242 

40 

34.57 

.86425 

3.68888 

- .145893 

50 

32 . 83 

.6566 

3.91202 

- .42068 

60 

31 

. 516667 

4.09435 

- . 660358 

70 

29.06 

.415143 

4 . 2485 

-.8791.33 

80 

26.97 

.3371.25 

4.38203 

-1.  . 0873 

90 

24.66 

.274 

4.49981 

-1.29463 

100 

22 

.22 

4.60517 

-1.51413 

RESULTS  

ln(Pd>  - 3.57472  + -.822528  *ln<tau>  + -.083842?  *»:  In  < tau  > it  A2 


CHi  = 3.57472 

CH2  * - . 822528 
CH3  = -.0838422 


Sum  of  the  squares  of  the  residuals  - 1.94499E-G3 

Standard  error  estiwate  = .0155924 

Coefficient  of  deternination  = .999598 
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ELVEC  battery  CH  coefficient  curve  plot 


For  battery: 

CH-i 

CH-2 

CH-3 


P8/ACID/3.3 

- 3.57472 

• -.822528 

* -.0838422 


Pdttax  « i45 


Specific  Energy,  Ed  (Wh/kg) 


wy»nry.i-wn»v->r^ 


Battery  node!  coefficient  generator: 
BIP  PB/ACID/10.0 


ORIGINAL  PAGE  IS 
Of  POOR  QUALITY 


DATA 

* 

Pd 

Ed 

tau 

In (Pd  > 

In  (tau.) 

10 

50.96 

5.096 

2.30259 

1 . 62846 

20 

49.93 

2.4965 

2.99573 

.9)489 

30 

48.88 

1 . 62933 

3.4012 

.488171 

40 

47 . 82 

1.19S5 

3 . 68888 

. 178565 

50 

46.74 

. 9348 

3.91202 

-.0674225 

60 

45.64 

.760667 

4.09435 

- .27356 

70 

44.52 

.636 

4.2485 

- . 452557 

80 

43.38 

. 5422.5 

4.38203 

-.612028 

90 

42.22 

.469111 

4.49981 

-.756916 

10  0 

41  .02 

.4102 

4.60517 

-.89111 

RESULTS  

In (Pd ) * 3.84895  + -.890158  *ln(tau>  * -.0380122  *(ln(tau)3A2 

CHI  - 3.84895 

CH2  * -.890158 
CH3  « -.0380122 


Sun  of  the  squares  of  the  residuals  * 1 .89471E-04 

Standard  error  estinate  « 4.86661E-03 

Coefficient  of  deternination  * .999961 


N-ll 


ORIGINAL  PAGE  IS 

Battery  Model  coefficient  generator;  OF  POOR  QUALITY 

NI/FE/i . 0 


DATA 

Pd 

Ed 

tau 

ln(Pd) 

In  ( tau.) 

10 

S7.37 

5.737 

2.30259 

1 . 74694 

20 

55.67 

2.7835 

2 . 99573 

i . 02371 

30 

53 . 35 

i . 77833 

3.4012 

.575677 

40 

50 . 65 

i . 26625 

3 . 68888 

.23606 

50 

47.47 

.9494 

3.91202 

OS 19249 

60 

43.53 

.7255 

4.09435 

- . 320894 

70 

37.78 

.539714 

4.2485 

-.616716 

RESULTS  

— 

ln(Pd)  * 3. 

85854  ♦ - 

.723694  *ln ( tau  > ♦ - 

.0985473  #tln<  tau ) ) A2 

CHI  * 3.8S8S4 

CH8  ■ - . 723694 
CH3  « - . 098S473 


Sum  of  the  squares  of  the  reoidual?  * 1.34634E-03 

Standard  error  estinate  * .0164094 

Inefficient  of  determination  « .999522 
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Battery  Model  coefficient  generator: 
NI/FE/2.1 


ORIGINAL  PAGE  IS 
OF  POOR  QUALITY 


data 

Pd 

Fd 

tau 

In  <Pd  > 

In ( tau ) 

10 

55.28 

5 . 588 

2.30259 

1.70983 

20 

54.35 

2.7175 

2.99573 

.999712 

30 

52.97 

1.76567 

3.40.12 

. S68529 

40 

51.4 

1.285 

3.68888 

.250759 

SO 

49.67 

.9934 

3.91202 

-6.6217.1E~0 

60 

47.76 

.796 

4.09435 

-.228156 

70 

45.61 

.651572 

4.2485 

- . 428368 

80 

43 . 15 

.539375 

4.38203 

-.617344 

90 

40 . 16 

.446222 

4.49981 

-.806938 

100 

36.05 

.3605 

4.60517 

-1 .02026 

RESULTS  

In  <Pd  > * 3.9014  + -.802984  *ln<tau)  + -.0824347  *r J n < tau > 3 A2 

CHI  = 3.9014 

CH2  = - .802.984 
CH3  a -.0824347 


Sum  of  the  squares  of  the  residuals  * 2.69918E-03 

Standard  error  estiMate  = .01.83684 

Coefficient  of  determination  = .999442 


N-15 


ELVEC  battery  CH  coefficient  curve  plot 


For  battery.*  NI/FE/2.1 


CH-1  * 3.9014 

CH-2  * - . 802984 
CH—3  * - . 0824347 


Pdnax  * 141 


\ 


Specific  Energy,  Ed  (Wh/kg) 


r 


1 


\ 


N-16 


ORIGINAL  PAGE  IS 
Of-  POOR  QUALITY 


lottery  Model  coefficient  generator; 
NI/FE/2 . 4 


DATA 

“ 

Pd 

Ed 

tau 

In  <Pd  > 

In  < tau.) 

10 

53.4 

5.34 

2.30859 

1.67523 

20 

52.5 

2.685 

2.99573 

.965081 

30 

51 . 19 

1.70633 

3.4012 

.534347 

40 

49.71 

1.24275 

3.6R8R8 

.217387 

50 

48.08 

.9616 

3.91202 

-.  0391.565 

60 

46.31 

.771833 

4.09435 

-.258986 

70 

44.36 

.633714 

4.2485 

• -.456157 

80 

42.15 

.526875 

4.38203 

- . 640792 

90 

39.58 

.439778 

• 4 *9981 

-.821.486 

100 

36.35 

.3635 

4 .6;1517 

-1 .01198 

RESULTS  

In <Pd ) * 3.87467  + ~.R?059i  *ln<tau)  + -.0747063  * t In < tau ) 3 *2 


CHi  = 3.87467 

CH8.  « -.820591 
CH)  = -.0747063 


Sum  of  the  squares  of  the  residuals  = 1.75763E-03 

Standard  error  estiMate  = .0148224 

Coefficient  of  deterwination  = .999637 
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ELVEC  battery  CH  coefficient  curve  plot 


F or  battery  * 

CH-i 

GH-2 

CH-3 


NI/FE/2 . 4 

* 3 . 87467 

* -.820591 

* -.0747063 


Pdfiax  = 141 


<A 


1 10  100  1000 
Specific  Eneroy,  Ed  (Wh/kQ) 


Battery  Model  coefficient  generator: 
NI/FE/3 . 3 


ORIGINAL  PAGE  IS 
OF  POOR  QUALITY 


DATA 


Pd 

Ed 

tau 

In  <Pd  > 

3 n ( t a u.) 

10 

48.55 

4.BSS 

2.30259 

1.58001 

?0 

47.99 

2.3995 

2.99573 

.875261 

30 

47.11 

1.57033 

3.4012 

.451288 

40 

46 . 13 

1 . 15325 

3.68888 

. 142584 

50 

45.06 

.9012 

3.91202 

-.104028 

60 

43.91 

.731833 

4.09435 

-.312202 

70 

42.68 

.609714 

4.2485 

-.494765 

80 

41 . 36 

.517 

4.38203 

-.659712 

90 

39.91 

.443445 

4.49981 

-.813183 

100 

38.32 

.383? 

4.60517 

-.959198 

RESULTS  

ln(Pd)  * 3.81662  + -.882478  *ln(tau>  + -.0504292  *rin(tau))A2 

CHI  s 3.81662 
CH2  * -.882478 
CH3  = -.0504292 


Sum  of  the  square*  of  the  residuals  * 4.70245E-04 

Standard  error  estinate  = 7 . 66686E-03 

Coefficient  of  deterMination  * .999903 
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ELVEC  battery  CH  coefficient  curve  plot 


For  battery:  NI/FE/3.3 

CH--1  » 3.81662  Pdnax  = 160 

CH-2  * -.882478 
CH-3  = -.0504292 


1 10  100 


Specific  Energy,  Ed  (Wh^kq) 


ORIGINAL  PAGE  IS 
OF  POOR  QUALITY 


Battery  Model  coefficient  generator; 
NI/ZN2.0 


DATA 


Pd 

Ed 

tau 

In  <Pri > 

1 n < t a u > 

io 

60 

6 

2 . 30259 

1.79176 

60 

3 

2.99573 

1 . 09861 

60 

58 

.966667 

4 . 09435 

- . 0339  01  5 

10  0 

53 

.53 

4.60517 

- . 634878 

150 

40 

. 266667 

S. 01064 

-1.32176 

RESULTS  

ln<Pd>  = 4 . 06488  ♦ -.844001  *].n(tau>  + -.0847194  *n.n<tau>lA? 

CHI  = 4.06488 

CH2  * -.844001 
CH3  = -.0847194 


Sum  of  the  squares  of  the  residuals  = 4.02063E-03 

Standard  error  estiwate  = .0366089 

Coefficient  of  deterMination  * .99921 


N-21 


ELVFC  battery  CH  coefficient  curve  plot 
For  battery:  NT/ZN2 . 0 


CH-i  = 4.0848a 

CH-?  = -.844001 
CH -3  * -.0847194 


Pdwax  * 204 


<A 


18  188 
Specific  Energy,  Ed  (Uh/kg) 


1 888 


Battery  nodel 
ZN/BR/i . 0 

coefficient 

generator • 

original 

OF  POOR 

PAGE  J3 
quality 

DATA 

Pd 

Ed 

tau 

ln(Pd) 

In  (tau.) 

10 

65.99 

6.599 

2.30259 

1 . 88692 

20 

66.88 

3.344 

?. . 99573 

1 .2071.7 

30 

65.04 

2.168 

3.4012 

.773805 

40 

6?  . 2 

1 . 555 

3.68888 

.441476 

50 

58.66 

1.1738 

3.91202 

. 159735 

60 

54.31 

.905167 

4.09435 

-.0996361 

70 

48.58 

.694 

4 . 248S 

- . 365283 

80 

35 

.4375 

4.38203 

- . 826679 

RESULTS  

lr\  (Pd ) * 4 . 00357  627864  *ln(tau>  ♦ -.151306  *£  In  C tau  > 3 A2 

CH 1 = 4. 003S7 

CHS  * - . 627864 
CH3  * -.151306 


Sun  of  the  squares  of  the  residuals  * 5.8Q993E-03 

Standard  error  estinate  * .0311179 

Coefficient  of  deternination  = .9983?? 


ELVEC  battery  CH  coefficient  curve  plot 


For  battery;  ZN/BR/i . 0 

CH-i  * 4.00357  Pdnax  * 83 

CH-2  « -.627864 
CH--3  * -.151306 


Specific  Energy 


Ed  (Uh/kq) 


ORIGINAL  PACE  IS 
OF  POOR  QUALITY 

Battery  Model  coefficient  generator: 

ZN/BE/2 . i 


DATA  

Pd 

Ed 

tau 

ln(Pd) 

ln<  tau.) 

10 

47.87 

4.787 

2.30259 

1.5659 

29 

48.47 

2.4235 

2 . 99573 

.885713 

30 

47.47 

1.58233 

3.4012 

.458901 

40 

45.97 

1 . 14975 

3.68888 

.1391 1 

50 

44.21 

.8842 

3.91202 

-.123072 

60 

42.25 

.704167 

4.09435 

-.35074 

70 

40.08 

.572571 

4 . 2485 

-.557618 

80 

37.68 

.471 

4.38203 

- . 752897 

90 

34.97 

.388556 

4.49981 

-.945319 

100 

31.76 

.3176 

4.60517 

-1 . 14696 

RESULTS  

In (Pd ) * 3.80889  ♦ -.819456  #ln(t*u>  ♦ -.0951689  * t In < t*u > ] A2 


CHI  ■ 3.80889 

CH2  ■ -.819456 
CH3  * -.0951689 


Sum  of  the  squares  of  the  residua)*  * 1.13292E-03 

Standard  error  estiMate  c .0119002 
Coefficient  of  deterMination  * .999766 


M-25 


ELVEC  battery  CH  coefficient  curve  plot 


For  battery: 

CH-1 

CH-2 

CH-3 


7.N/BE/2 . 1 

* 3.80809 

* -.819456 

* -.0951689 


PdMax  * 115 


1 


10 


100 


100C 


Specific  EneroV'  Ed  (Wh/kq) 


Battery  model  coefficient  generator; 
ZN/BR/2.4 


ORIGINAL  FA^E  (S 
OF  POOR  QUALITY 


DATA 


Pd 

Ed 

tau 

In  <Pd  > 

In  < t a u ) 

10 

48. 7S 

4 . 875 

2.30259 

1 . 58412 

20 

49.54 

2.477 

2 99573 

.907048 

30 

48.69 

1 . 633 

3.4012 

.484776 

40 

47.35 

1 18375 

3 68888 

. 168687 

50 

45  76 

.91.52 

3.91202 

- . 0886125 

60 

43.99 

.733167 

4.Q943S 

- .31 0382 

70 

42.07 

.601 

4 . 2485 

- .50916 

80 

39.97 

.499625 

4.38203 

- 693897 

90 

37.66 

.418445 

4 49981 

-871211 

100 

35  08 

.3508 

4.60S17 

-1 . 04754 

RESULTS  

J n <Pd ) * 3 . 83512  ♦ -.837169  *ln<tau>  + -.0851764  *[)n(ta«)]*2 

CHI  * 3.83512 

CH2  « -.337169 
CH3  * -.0851764 


Sun  of  t.'ie  square*  of  the  residuals  * 6.16919E-04 

Standard  error  estimate  * 8.78151E-03 

Coefficient  of  determination  * .999873 


8-27 


N-28 


ORIGINAL  PAGE  IS 

Battery  Model  coefficient  generator:  OF  POOR  QUALITY 

ZN/BR/3.3 


DATA 


Pd 

Ed 

tau 

ln(Pd) 

In  (tau.) 

10 

40 

4 

2.30259 

1 . 38629 

20 

40 .5 

2.025 

2.99573 

.70557 

30 

39.73 

1.32433 

3.4012 

.280909 

40 

38.  S9 

.96475 

3.68RPP 

-.035886? 

SO 

37.29 

.7458 

3.91202 

-.293298 

60 

35 . 87 

.597833 

4.09435 

-.514443 

70 

34.36 

.490857 

4.2485 

-.71.1602 

80 

32 . 78 

.40975 

4.38203 

-.892208 

90 

31.1 

.345556 

4.49981 

-1 . 0626 

100 

29.33 

.2933 

4.60517 

-i  .22656 

RESULTS  

In  (Pd ) = 3.65918  -.8744(39  *ln(tau>  -.0779032  *Hn(tau>3A2 

CHi  = 3 . 65918 

CH2  = -.874489 
CH3  = -.0779032 


Sum  of  the  squares  of  the  residuals  = 3 . 25496E-04 

Standard  error  estiMate  = 6.37863E-03 

Coefficient  of  deterMination  * .999933 


N-29 


ELVEC  battery  CH  coefficient  curve  plot 


For  battery.-  ZN/BR/3.3 

CH-i  = 3.65918  Pdfiax  * 150 

CH-2  = -.874489 
CH--3  = -.0779032 


Specific  Energy,  Ed  CWh/kq) 


N-30 


’Y*f 


ORIGINAL  PAGE  IS 

Battery  node!  coefficient  generator:  OF  POOR  QUALITY 

ZN/CL/i . 0 


DATA 


Pd 

Ed 

tau 

ln(Pd) 

In  < tau.) 

10 

86 . 63 

8.663 

2.30259 

2.15906 

20 

88.94 

4.447 

2.99573 

1.49223 

30 

87.59 

2.91967 

3.4012 

1 . 07147 

40 

05.04 

2.126 

3.68888 

. 754242 

50 

81.76 

1.6352 

3.91202 

.491765 

60 

77 . 83 

1.29717 

4.09435 

. 260 i 82 

70 

73.09 

1 . 04414 

4 . 2485 

. 0431964 

80 

67.06 

. 83825 

4.38203 

- . 176439 

90 

57.65 

.640556 

4.49981 

-.44542 

RESULTS 


ln(Pd)  = 4.2577  + -.650475  #ln<tau>  + -.117305  * C In < tau > 1 A2 

CHi  = 4.2577 

CHS  = -.658475 
CH3  = -.117385 


Sum  of  the  squares  of  the  residuals  * 2.3967E-03 

Standard  error  estimate  = .0185037 

Coefficient  of  deterwination  = .999421 


N-31 


ELVFC  battery  CH  coefficient  curve  plot 


For  battery-  ZN/CL/i . 0 

CH-1  « 4.R577 

Pdnax 

CH-2  * -.658475 

CH---3  * -.117385 

(A 


1 10  180  1800 
Specific  Energy,  Ed  (Wh/kg) 


_ 

Battery  Model  coefficient  Qe*ner «* t or ^ 
ZN/CL/2 , i 


ORIGINAL  PAGE  IS 
OF  POOR  QUALITY 


DATA 


Pd 

Fd 

tau 

In (Pd ) 

In  (tau.) 

10 

S3. 15 

5.315 

2.30259 

1 .67053 

20 

S3 .95 

2.697S 

2.99573 

.992326 

30 

S3. 09 

1.76967 

3.4012 

.570791 

40 

51.71 

1.29275 

3.68888 

. 256772 

so 

SO  . 06 

1 . 0012 

3.91202 

i . 1991  6(1-03 

60 

48 .19 

.803167 

4.09435 

-.219193 

70 

46. 1 

.658572 

4.2485 

-.417682 

80 

43 . 76 

.547 

4.38203 

-.603306 

90 

41 . 06 

.456222 

4.49981 

-.784775 

100 

37.8 

.378 

4.60517 

- .972861 

RESULTS 


In  <Pd ) * 3.90924  + -.820198  *i.n<tau>  + -.0882068  *Fln(tau)lA2 


CHI  = 3.90924 

CHS  * -.820198 
CH3  * -.0882068 


Sum  of  the  squares  of  the  residuals  * 1.09263E-03 

Standard  error  estinate  = .0116867 

Coefficient  of  deterMination  * .999774 


N-33 


For  battery:  ZN/CL/2.1 

CH-i  * 3.90924  PdMax  * 110 

CH-2  * -.020198 
CH--3  » -.0882068 


1 10  100  1000 
Specific  Energy,  Ed  (Ulh/kg) 


N-34 


Battery  model  coefficient  generator-. 
ZN/CL/2 . 4 


»£  page  is 

of  POOR  Quality 


DATA 


Pd 

Ed 

tau 

In  <Pd  > 

In ( tau ) 

10 

53 . 28 

5.32R 

2.30259 

1 . 67298 

20 

54.25 

2.7125 

2.99573 

.997871 

30 

53.58 

1.786 

3.4012 

.579979 

40 

52.42 

1.3105 

3.68888 

.270409 

50 

51 . 01 

1 . 0202 

3.91202 

.0199988 

60 

49.42 

.823667 

4.09435 

-.193989 

70 

47.68 

.681143 

4.2485 

- . 383983 

80 

45.77 

.572125 

4.38203 

- . 558398 

90 

43.66 

.485111 

4.49981 

- . 723377 

100 

41.28 

.4128 

4.60517 

-.884792 

RESULTS  

In  <Pd  > * 3.9258  + -.848145  *ln(tau>  + -. 0752426  *f In ( tau ) J A2 

CHi  * 3. 9258 

CHS  = -.848145 
CH3  * - . 0752426 


Sun  of  the  squares  of  the  residuals  * 4.84082E-04 

Standard  error  estimate  * 7.77883F-Q3 

Coefficient  of  determination  * .9999 


N-35 


ELVEC  battery 


For  battery: 

CH-i 

CH-2 

CH-3 


CH  coefficient  curve  plot 


ZN/CL/2 . 4 

3.92S8  Pdnax  * i 27 

-.848145 
-.0752426 


1 10  100  1080 


Specific  Energy, 


Ed  (Uh/kq) 


f 

t* 


Battery  nodal  coefficient  generator: 
ZN/CI./3.3 


DATA 

— 

Pd 

Ed 

tau 

ln(Pd) 

] n < tau.) 

10 

41.43 

4.143 

2.30259 

1.42142 

20 

41.94 

2.097 

2.99573 

.740508 

30 

41.26 

1 37S33 

3.4012 

.318696 

40 

40 .24 

1.006 

3.68888 

5 98197F-03 

50 

39.04 

.7808 

3.91202 

-.247436 

60 

37.71 

.6285 

4.09435 

-.464419 

70 

36.28 

.518286 

4.2485 

-.657229 

80 

34.73 

.434125 

4.38203 

- .834423 

90 

33.05 

. 367222 

4.49981 

-1.00179 

100 

31.2 

.312 

4.60517 

-1.16475 

RESULTS  - 

— 

ln(Pd)  “ 

3.69598  + - 

.878004  ftln ( tau ) + 

.0750732  *tln(teu)lA2 

CHi  * 3.69598 

CHS  - -.878004 
CH3  * -.0750732 


Sun  of  the  square*  of  the  residuals  * 4.63915F-04 

Standard  error  estinate  * 7.61508F-03 

Coefficient  of  daternination  * .999904 


N-37 


ELVEO  battery  CH  coefficient  curve  plot 


For  battery:  ZN/CL/3.3 

CH-1  - 3.69590  Pdnax  - 130 

CH-2  « -.873004 
CH-3  * -.0750732 


Specific  Energy,  Ed  (Wh/kq) 


H-38 


Battery  model  coefficient  generator: 
FE/AIR/1 . 0 


ORIGINAL  PAGE  IS 
OF  POOR  QUALITY 


DATA 


Pd 

Ed 

tau 

In (Pd  > 

In (tau) 

10 

106.28 

10.628 

2.30259 

2.36349 

20 

109.38 

5.469 

2 . 99573 

1 .6991 

30 

108.46 

3.61533 

3.4012 

1.23518 

40 

106.33 

2,65825 

3 . 68888 

. 977668 

SO 

103.56 

2.0712 

3.91202 

. 728128 

60 

100.34 

1 .67233 

4.09435 

.51422 

70 

96.69 

1.38129 

4.2485 

.323015 

80 

92.55 

1.15688 

4.38203 

. 145722 

90 

87.8 

.975556 

4.49981 

-.0247479 

100 

82.11 

.8211 

4.60517 

-.19711 

RESULTS  

In  (Pd)  * 4. 485 15  + -.723875  *ln(tau>  + -.0850794  *[ ) n ( tau  ) 1 AP 

CHi  * 4.48115 

CH2  - -.723875 
CH3  * -.0850794 


Sum  of  the  square*  of  the  residuals  * 7.24412E-04 

Standard  error  estimate  * 9.51585E-03 

Coefficient  of  determination  * .99985 


N-39 


ELVEC  battery  CH  coefficient  curve  plot 

For  battery*  FE/AIR/1.0 

CH-i  - 4.48115  Pdeax  ® 110 

CH-2  - -.723875 
CH-3  * -.0850794 


Specific  Energy,  Ed  (Wh/kg) 


K-40 


Battery  model  coefficient  generator; 
FE/AIR/2 . i 


ORIGINAL  PAGE  IS 
OF  POOR  Ql'i.. i / 


DATA 


Pd 

Ed 

tau 

In (Pd ) 

In  < tau.) 

10 

66.39 

6.639 

2 30259 

1 . 89296 

20 

67.83 

3.3915 

2 . 99573 

1 .22127 

30 

67  21 

2.24033 

3.4012 

.806625 

40 

65.99 

1.64975 

3 . 68888 

.500624 

50 

64.46 

1.2892 

3 91202 

.254022 

60 

62.73 

1 0455 

4.09435 

. 0444953 

70 

60.81 

.868714 

4.2485 

-.140741 

80 

58  7 

.73375 

4.38203 

- .309S87 

90 

56.37 

. 626333 

4.49981 

-.467872 

100 

53.77 

.5377 

4.60517 

- . 620455 

RESULTS  

In  (Pd ) « 4.12545  ♦ -.833583  *ln(tau)  ♦ -.0698404  * t In < tau > 3 A2 


CHI  * 4 12545 

CHS  * -.833583 
CH3  * -.0698404 


Su«  of  the  squares  of  the  residuals  * 3.64821F-04 

Standard  error  estimate  «*  6.75297E-Q3 

Coefficient  of  determination  * .999925 


ELVEC  battery  CH  coefficient  curve  plot 

For  battery;  FEYA.TR/2.i 

CH-i  « 4.12545  Pdwax  * ;4G 

CH-2  * -.833583 
CH~3  * -.0698404 


1 10  100  1008 
Specific  Energy,  Ed  (Wh/kg) 


N-42 


Battery  Model  roefficient  generator; 
FE/AIR/2.4 


DATA 


Pd 

Ed 

tau 

ln(Pd) 

3n(tfluJ 

10 

66.  14 

6.614 

2.30259 

1 . 88919 

20 

67.72 

3.386 

2.99573 

1 ,?}965 

30 

67 . 29 

2.243 

3.4012 

.807814 

40 

66.29 

1.65725 

3.68888 

.505)6 

50 

65.01 

1.3002 

3.91202 

.262518 

60 

63.55 

1.05917 

4 . 09435 

. 0574824 

70 

61.94 

.884857 

4.2485 

-.122329 

80 

60.2 

. 752.5 

4.38203 

- .284354 

90 

58.31 

.647389 

4.49981 

-.434036 

100 

56.27 

.5627 

4.60517 

-.575009 

RESULTS  

3 n (Pd  > * 4.13931  + -.858481  *ln(tau)  + -.0612641  *IJn<tau)JA2 

CHI  = 4.13931 

CH2  * -.85848} 

CH3  « -.0612641 


Sum  of  the  squares  of  the  residuals  = 1.87778E-04 

Standard  error  estinate  = 4.84481E-03 

Coefficient  of  deterMination  = .999961 


i 


N-43 


ELVEC  battery  CH  coefficient  curve  plot 


For  battery  = 

CH~1 

CH-2 

CH—3 


FE/A JR/2 . 4 

* 4.13931 

* -.858481 

* -.0612641 


Pdwax  = 157 


1 18  188  1888 


Specific  En^rov*'  Ed  (Wh/kq) 


ORIGINAL  PAGE  IS 

Battery  model  coefficient  generator: 
FE/AIR/3.3 

OF  POOR  QUALITY 

DATA 

Pd 

Ed 

tau 

In  <Pd  > 

In < tau  > 

10 

51.66 

5.166 

2.30259 

1 . 6421 

20 

5?  . 34 

2.6J7 

2.99573 

.962029 

30 

51.79 

1.72633 

3.4012 

.546 

40 

50.9 

i . 27?5 

3.68888 

.240984 

50 

49.84 

.9968 

3.91202 

-3.205E- 

60 

48.67 

.811167 

4.09435 

-.209282 

70 

47.41 

.677286 

4 . 2485 

-.389662 

80 

46 . 07 

.575875 

4.38203 

- .551865 

90 

44.64 

.496 

4.49981 

-.701179 

100 

43.12 

.43J  2 

4.60517 

-.841183 

RESULTS  

] n <Pd ) * 3.90664  ♦ -.886569  *ln(tau>  + -.056395}  *t In < tau > 1 A2 


CHI  = 3.90664 

CH2  * -.886569 
CH3  = -.0563951 


So«  of  the  squares  of  the  residuals  » 1.87741E-04 

Standard  error  estimate  * 4.84434E-03 

Coefficient  of  determination  = .999961 


N-45 


ELVEC  battery  CH  coefficient  curve  plot 


For  bat tery : 

CH- 1. 
CH"2 
CH"3 


FE/A JR/3 . 3 

= 3.90664 

= -.886569 
* - . 0563951 


Pdwax  >=  J65 


</) 


1 10  100  1000 
Specific  Energy,  Ed  (Wh-^kQ) 


N-46 


ORIGINAL  PAGE  IS 
OE  POOR  QUALITY 


Battery  node]  coefficient  generator: 
L..I/MS1 . 0 


DATA 

Pd  Ed 

20  102 

60  88 

100  72 


RESULTS 

ln<Pd>  * 4.37983  + -.713407  *ln<tau>  + -.0835533  *Cln(tau)lA2 

CHI  » 4.37983 

CH2  a -.713407 
CH3  = - . 0835533 


tao 
5.  1 

1.46667 

.72 


In  <Pd ) 
2.99573 
4 . 09435 
4.60517 


In  <T 
1 . 6 
.38 


Sum  of  the  squares  of  the  residuals  = 4.54747F-13 

Standard  error  estiMate  = 6.74349E-07 

Coefficient  of  determination  * 1 


N-47 


x-'orji- 


ET.LVEC  battery  CM  coefficient  curve  pilot 


ORIGINAL  PAGE  ?S 

Battery  model  coefficient  generator!  **  POOR  QUALI1Y 

LT/MS2. 1 - 2.4 


DATA 


Pd 

Ed 

tau 

In  <Pd  > 

1 n ( t a u > 

20 

81 

4. 05 

2.99573 

1 . 39872 

60 

70 

1 16667 

4.09435 

. 1S4V51 

100 

57 

.57 

4.60517 

-.5621.19 

RESULTS — 

ln<Pd>  * 4.21177  -.748451  *ln<tau)  + -.0864695  *fln<tau>]A2 

CHI  * 4.21177 

CH2  * -.748451 
CH3  * -.0864695 


Sun  of  the  squares  of  the  residuals  * 7.38965E-13 

Standard  error  estimate  * 8.59631E-07 

Coefficient  of  determination  = 1 


N-49 


Battery  Model  coefficient  generator! 
LI/MS3.3 


DATA 

Pd 

Ed 

tau 

1 n ( Pd ) 

1 n < ta  ii  > 

20 

71 

3.55 

2.99573 

1 . 26695 

60 

63 

1 . 05 

4.09435 

. 0487902 

100 

S3 

.53 

4.60517 

-.634878 

RESULTS  — 

— 

In (Pd)  * 4.13332  ♦ -.79485  *ln(tau>  + -.081334  #fln < tau ) 1 A2 


CHi  « 4 13332 

CH?  - -.79485 
CH3  * -.081334 


Sum  of  the  squares  of  the  residuals  = 1.81899F-12 

Standard  error  estimate  * 1.34S7E-06 

Coefficient  of  determination  » 1 


ELVEC  battery  CH  coefficient  curve  plot 


For  battery:  LI/MS3.3 

CH-i  - 4.13332 

CH-2  - -.79485 
CH-3  ■ -.081334 


Pdnax  * 175 


Specific  Energy , Ed  (Uh/kg) 


Battery  node’  coefficient  generator: 
NA/S/i .0 


DATA 


Pd 

Ed 

tau 

In (Pd  > 

1 n < t a u •) 

10 

123.3 

12.33 

2.30259 

2.5.1204 

20 

120 .53 

6.0265 

2 . 99573 

1 .79617 

30 

117.69 

3.923 

3.4012 

1 . 36686 

40 

114.78 

2.8695 

3.68888 

1.05414 

50 

111.78 

2.2356 

3.91202 

.80451 

60 

108.67 

1.81117 

4.09435 

.593971 

70 

105.46 

1.50457 

4.2405 

.409837 

80 

102.11 

1 . 27638 

4.38203 

.244024 

90 

98.61 

1 . 09567 

4.49981 

. 091363 

100 

94.92 

.9492 

4.60517 

-.0521356 

RESULTS  

In  <Pd  > * 4.5737S  + -.790541  *ln(tau>  + -.0460973  *C  In  < tsu  > 1 AP 

CHi  ■ 4.57375 

CH2  * -.790541 
CH3  * -.0460973 


Sun  of  the  squares  of  the  residuals  ■ 3.64*  c-04 

Standard  error  estimate  * 6.74657F-03 

Coefficient  of  deternination  * .999925 


M-53 


ELVEC  battery 


For  battery  .• 

CH-1  » 
CH-2  - 
CH-3  = 


CH  coefficient 


NA/S/i.O 

4 57375 
-.790541 
-.0460973 


curve  plot 


Pdwax  * 148 


Specific  Energy,  Ed  (Uh^kg) 


M-54 


■ ^JU*~j  rT  — r-T—  1*  T ■ *>n&vrT‘*f'  r*«*=~*  ' *'  ‘" A; 


Battery  Model  coefficient  generator: 
NA/S/2 . 1 


ORIGINAL  PAGE  IS 
OF  POOR  QUALITY 


DATA 


Pd 

Ed 

t tu 

In  <Pd  > 

In ( tau ) 

10 

80.16 

L.  816 

2.30259 

2 17657 

20 

86.93 

4 . 3465 

2.99573 

1 . 46937 

30 

85.67 

2 . 85567 

3.4012 

1 . 04931 

40 

84.38 

2.1095 

3.68888 

.746451 

50 

83.04 

1 . 6608 

3.91202 

.5073 

60 

81.65 

1.36083 

4.09435 

.308097 

70 

80.21 

1 . 14586 

4 . 2485 

. 136153 

80 

78.72 

.984 

4.38203 

- .0161292 

90 

77.16 

.857333 

4.49981 

-.153928 

100 

75.53 

.7553 

4.60517 

- .28064 

RESULTS  

In (Pd ) * 4.36547  + -.834152  *ln<tau>  + -.0299432  *t In < tau > ] A? 


CHI  » 4.36547 

CM?  « -.884152 
CH3  - -.0299432 


Sum  of  the  squares  of  the  residuals  * 1.43137E-04 

Standard  error  estimate  * 4.22991F-03 

Coefficient  of  deternina tion  « .99997 


N-55 


ELVEC  battery  CH  coefficient  curve  plot 


For  battery:  NA/S/2.1 

CH-i  * 4.36547  Pdnax  * 

CH-2  = -.884152 
CH-3  = -.0299432 


<A 


1 10 

Specific  Enerqy,  Ed  (Wlvka) 


Battery  Model  coefficient  generator: 
NA/S/2 . 4 


DATA 

Pd 

Ed 

tau 

In (Pd ) 

In  < ta  iO 

10 

84  . t7 

8.417 

2.30259 

' 2.13025 

20 

83 . 06 

4.153 

2.99573 

1 .49383 

30 

81 . 92 

2.73067 

3.4012 

1 . 00455 

40 

80 .75 

2.01875 

3.68888 

.702479 

50 

79.54 

1.5908 

3.91202 

.464237 

60 

78.3 

1 .305 

4.09435 

.266903 

70 

77.03 

1 .10043 

4 . 2485 

. 0956998 

80 

75 .7i 

.946375 

4.38203 

-.  055:1  *62 

90 

74.34 

.826 

4.49981 

-.19116 

100 

72.92 

.7292 

4.605J7 

— . 3i5807 

RESULTS  - 

— 

ln<Pd ) * 

4.3308  + -.894503 

#]n(tau)  + 

-.0276968  *Cln<tau>] 

A2 

CHI  * 4.3308 

CH2  = -.894503 
CH3  * -.0276968 


Sum  of  the  squares  of  the  residuals  = 1.120J1F-04 

Standard  error  estiMate  = 3.74184E-03 

Coefficient  of  detereination  » .999977 


ELVEC  battery  CH  coefficient  curve  plot 


For  battery:  NA/S/2.4 

CH-i  = 4.3308  Pdnax  * 224 

CH-2  * -.894503 
CH-3  * -.0276968 


<A 

1 10  100  1000 


Specific  Energy,  Ed  (Uh/kg)  1 

i 

5 

K 

j 

t 

\ 

\ 

1 

1 

1 

\ 

\ 


N-58 


ORIGINAL  PAGE  IS 

Battery  model  coefficient  generator:  OF  POOR  QUALITY 

NA/S/3.3 


DATA 


Pd 

Ed 

tau 

ln<Pd) 

In  < taiO 

10 

7,4 . 02 

7.402 

2.30259 

2. 0D175 

20 

73.04 

3.652 

2.99573 

1 .29528 

30 

72.04 

2.40133 

3.4012 

.876024 

40 

71 . 02 

1 . 7755 

3.68888 

.574082 

50 

69.97 

1 . 3994 

3.91202 

.336044 

60 

68.89 

1.14817 

4.09435 

. 138167 

70 

67.78 

.968286 

4.2485 

-.0322278 

80 

66.64 

.833 

4.38203 

-.182722 

90 

65.45 

. 727222 

4.49981 

-.318523 

100 

64 . 22 

.6422 

4.60517 

- . 442855 

RESULTS  

InCPd)  = 4 . 21601  + -.902732  *ln<tau>  + -.0272804  *t 1 n < tau > ] A2 

CHi  = 4.21601 

CH2  * -.902732 
CH3  = -.0272804 


Sum  of  the  squares  of  the  residuals  = 1.08422F-04 

Standard  error  estimate  = 3.68141E-03 

Coefficient  of  determination  = .999978 


N-59 


/kQ> 


ELVEC  battery  CH  coefficient  curve  plot 


For  battery:  NA/S/3.3 

CH-i  = 4.21601  Pdwax  = 244 

CH-2  * -.902732 
CH-3  = -.0272804 


I 

v 


N-60 


Battery  Model  coefficient  generator: 
A/AIR/PRES  W/IMPR  SELF-DISCH 


DATA 

Pd 

Ed 

tau 

In (Pd  > 

In  ( tau-) 

20 

15S 

7.9 

2.99573 

2.06686 

60 

158 

2.63333 

4.09435 

.968251 

80 

158 

1.975 

4.38203 

.680569 

100 

iSi 

1.51 

4.60517 

.4121  i 

157 

126 

.802548 

S. 05625 

-.219964 

RESULTS  — 

— - 

In  (Pd)  * 

4.9078  + - 

.723055  *ln(tau>  + - 

.098440?  *[ In ( tau ) 1 

A? 

CHi  * 4.9078 

CHS  « -.723055 
CH3  = -.0984402 


Sum  of  the  squares  of  the  residuals  = 7.739Q7E-04 

Standard  error  estiMate  = .0160614 

Coefficient  of  detereination  * .999676 


N-61 


Kt 


Table  N-l.  Battery  Projections  by  Review  Board 


Battery 

Type 

Energy 

<Wh/kg 

«20W/kg 

Power 
(30-s  W/kg 
) 810%  S0C) 

Annual 

Efficiency 

<%> 

Cycle 

Life 

OEM  Cost* 
a b c 

Pb/Acid 

38-45 

80-100 

75 

750 

43 

9 

400 

Bip. Pb/Acid  50 

275 

85 

750 

80 

Ni/Fe 

48-56 

75-110 

58 

1500 

100 

12 

800 

Ni/Zn 

60 

155 

70 

600 

130 

Zn/Br2 

40-67 

52-94 

46 

750 

20 

10 

700 

Zn/Cl 2 

42-89 

80-115 

48 

1500 

10 

45 

1150 

Fe/Air 

52-109 

102-146 

50 

500 

8 

25 

700 

Li /FeS 

72-102 

90-107 

60 

750 

70 

10 

750 

Na/S 

73-121 

129-220 

66 

750 

25 

45 

1000 

A1 /Air 

158 

157 

18** 

3000*** 

42 

* OEM 

Costs  in 

19824  « a*kWh 

♦ b*kW  + c 

(Symons 

equation) 

, number 

listed  are  the  review  board's  low  estimates 
**  Source  energy 

#**  Life  of  air  cathode-3000  cold  starts,  equivalent  tc  4 years 


Table  N-2.  Battery  Projections  by  Developers 


Battery 

Type 

Energy 

(Wh/kg 

•20W/kg> 

Power 
<30-s  W/kg 
810%  S0C) 

Annual 

Efficiency 

(%> 

Cycle 

Life 

OEM  Cost* 

Pb/Acid 

38-45 

80-100 

75 

f >0 

4 53/kWh 

Ni/Fe 

50-56 

100-130 

72 

1500 

130/ kWh 

Ni/Zn 

60 

155 

70 

600 

130/kWh 

Zn/Br2 

40-67 

52-94 

56 

750 

40/kWh 

Zn/C12 

50-110 

103-154 

53 

1500 

61-81 /kW 

Fe/Air 

98-195 

181-309 

68 

500 

21-25/kW 

Li /FeS 

87-136 

90-131 

65 

1000 

99- 11 5/ kWh 

Na/3 

73-132 

143-220 

75 

800** 

63-97/ kW 

Al/Air 

218 

218 

32 

3000*** 

32/ kW 

* Equivalent  values 

calculated 

from  cost  i 

estimates 

of  complete 

battery  systems  in  some  instances 


**  Surrogate  for  replacement  of  29%  of  the  cells  in  1000  cycles 
***  Life  of  air  cathode-3000  cold  starts,  equivalent  to  4 years 
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APPENDIX  0 

BATTERY  DISCHARGE  MODELS 
BASED  ON  BATTERY  DESIGN  REPORTS 


O-l 


ORIGINAL  PAGE  IS 
OF  POOR  QUALITY 

Battery  Model  coefficient  generator; 

NI/FE  1.0,  2.1,  2.4 


DATA  


Pd 

Ed 

ta  u 

1 n < Pd  ) 

3.  n ( t a u > 

10 

58 

5.8 

2.30259 

1 . 7 5786 

20 

56 

2.8 

2 . 99573 

1.  02962 

60 

46 

. 766667 

4. 09435 

- . 265703 

100 

31 

.31. 

4.60517 

-1 . 17118 

RESULTS  

'.In  <Pd ) - 3.8825  -.73727  *ln(tau>  + -.0959177  *tln < tau > 1 A2 

CHI  = 3 . 8825 

CH2?  = -.73727 
CH3  = -.0959177 


Sum  of  the  squares  of  the  residuals  * 1.43249E-03 

Standard  error  estimate  = .0267628 

Coefficient  of  deterMi nation  = .999561. 


PRECEDING  PAGE  BLANK  NOT  FILMED 


0-3 


fAK^L^|flTE«TIO»miy  BUM 


ELVEC  battery  CH  coefficient  curve  plot 


For  battery:  Nt/FE  1.0,  2.1,  2.4 

CH-1  » 3.8825  Pdwax  * 160 

CH-2  » -.73727 
CH-3  - -.0959177 


<A 


1 10  100  100© 
Specific  Energy*,  Ed  Uilh/kg) 


/ 

! 

I 

i 

* 

I 

I 


0-4 


Ba t ter  y Model  coefficient  generator: 
NI/FE  3.3 


ORIGINAL  PAGE  IS 
OF  POOR  QUALITY 


DATA 


Pd 

Ed 

tau 

In (Pd) 

1 n < t a u > 

10 

52 

S . 2 

2.30259 

1 . 64866 

20 

50 

2.5 

? 99573 

. 916291 

60 

44 

. 733333 

4 09435 

- .31.01.55 

100 

37 

.37 

4.60517 

- . 994252 

RESULTS  

ln(Pd)  » 3 . 8239  + -.842842  #In(tau>  •*  -.050693  *tln<tau)JA2. 

CHi  * 3.8239 

CH2  - -.842842 
CH3  * -.050693 


Sum  of  the  squares  of  the  residuals  * 4.50989E-04 

Standard  error  estiMate  ■ .0150165 

Coefficient  of  deternination  * .99986? 


0-5 


/kg) 


ELVEC  battery  CH  coefficient  curve  plot 


For  battery.-  NI/FE  3.3 

CH-i  * 3 823?  Pdwax  « i90 

CH-2  » - 842842 
CH-3  * - . 05Q&93 


0**6 


Battery  node),  coefficient  generator; 


®»®NAL  PAGE  is 

®F  poor  quality 


ZN/CL  i.O 


DATA 


Pd 

Ed 

tau 

In (Pd ) 

In  < tau  > 

20 

110 

5 5 

2 99573 

1 70475 

60 

100 

1 . 66667 

4.09435 

. 51 ()»!?/, 

100 

85 

.85 

4.60517 

- . 16?5i 9 

RESULTS  


In (Pd ) * 4.48906  ♦ -.728524  *ln<tau>  ♦ -.0864971  *(ln < tau  ) 1 A2 


CHI  « 4.48906 

CM?  « - . 728524 
CH3  « - . 0864971 


Sun  of  the  souares  of  the  residua  1 * ■ 3 . 66072l".~ll 

Standard  error  estinate  * 6.0S039E-06 

Coefficient  of  deternination  * 1 


Battery  Model  coefficient  generators 
ZN/CL  2.1 


DATA 

Pd 

Ed 

tau 

In (Pd ) 

In  < tau ) 

20 

66 

3.3 

2.99573 

1 . 19392 

60 

60 

1 

4 . 09435 

0 

100 

55 

.55 

4.60517 

- . 597837 

RESULTS  — 

— 

ln<Pd)  * 

4.09435  ♦ 

-.876383  *ln<tau>  ♦ - 

.0366745  *rin<tau)3A2 

CHi  = 4. 09435 

CH2  - -.876383 
CH3  * -.0366745 


Sum  of  the  squares  of  the  residuals  * 9.66338E-13 

Standard  error  estimate  = 9.83026E-07 

Coefficient  of  determination  * i 


0-9 


ELVEC  battery  '*H  coefficient  curve  plot 


For  battery:  ZN/CL  2.1 

CH-1  * 4.09435  Pdnax  * 130 

CH-2  = -.876383 
CH-3  = - . 0366745 


0-10 


Am**** 


****** 


****** [jm 


Battery  Model  coefficient  generator; 
ZN/CL  2.4 


DATA 

• 

Pd  • 

Ed 

tau 

In (Pd ) 

] n<  tau ) 

20 

65 

3.25 

2.99573 

1 . 1 7866 

60 

61 

1 . 01667 

4 09435 

. 0 1 65293 

100 

56 

.56 

4.60517 

- . 57981 9 

RESULTS  

In (Pd ) = 4.10899  + -.885019  *ln(tau>  + -.0504766  *f In ( tau  ) 1 A2 

CHI  = 4.10899 

CHP  * -.885019 
CH3  = - . 0504766 


Sum  of  the  squares  of  the  residuals  * 1.81899E-12 

Standard  error  estinate  = 1 . 3487E-06 

Coefficient  of  determination  * 1 


ELVEC  battery  CH  coefficient  curve  plot 


For  battery;  ZN/CL  2.4 

CH-i  * 4 . 10899 

CH-2  * -.88501? 
CH-3  * -.0504766 


1000 


Specific  Enerqy,  Ed  (Wh/kq) 


0-12 


Battery  Model  coefficient  generator: 
ZN/CL  3.7 


DATA 

— 

Pd 

Ed 

tau 

ln(Pd) 

1 n < t a u ) 

20 

SO 

2 . S 

2 99573 

.916291 

60 

47 

.783333 

4 . 09435 

~ .244*97 

100 

44 

.44 

4.60517 

-.870981 

RESULTS  - 

— 

ln(Pd)  * 

3.87103  + - 

.923069  #ln< tau)  ♦ 

-.035132  *Cln<tau>] 

A2 

CHI  * 3.87103 
CH2  = -.97306? 
CH3  * -.035132 


Sum  of  the  squares  of  the  residuals  * 9.66339E-13 

Standard  error  estimate  = 9.83026E-07 

Coefficient  of  determination  » 1 


0-13 


ELVEC  battery  CH  coefficient  curve  plot 


For  battery;  ZN/GL  3.3 


CH-i  * 3.87103 
CH-«?  = -.92306? 
CH-3  = - . 035 j 32 


Pdnax  «=  158 


Specific  Energy,  Ed  (Wh/kg) 


Battery  Model  coefficient  generator! 
FE/AIR  1.0 


DATA 


Pd 

Ed 

tau 

In (Pd  > 

In(tau) 

20 

195 

9.75 

2 . 99573 

2 . 27727 

60 

182 

3.03333 

4 09435 

1.10966 

100 

167 

1.67 

4.60517 

.512824 

RESULTS  

ln(Pd)  * 5.01672  + -.777791  *ln(tau>  -.0481574  *T  In < tau > 1 A2 

CHI  » S. 01672 
CHS  ■ -.777791 
CH3  * -.0481574 


Sum  of  the  square*  of  the  residuals  ■ 2.97917E-10 

Standard  error  estimate  * t.7‘2603E-05 

Coefficient  of  determination  * i 


/kg) 


ELVEC  battery  CH  coefficient  curve  plot 


For  battery*  FE/AIR  1.0 

CH-1  - S . 01672  Pdnax  ■ 181 

CH-2  - -.777791 
C.H-3  * - .0481574 


* 

/ 


ORDINAL  RAGE  IS 

Battery  model  coefficient  generator;  gjr  POOR  QUALITY 

FE/AIR  2.1 


DATA 


Pd 

Ed 

tau 

In (Pd  > 

In  < tau ) 

20.134 

134 

6.65541 

3.00241 

1.89543 

60  . 

128 

2.13333 

4 09435 

.757686 

100 

122 

1.22 

4.60517 

. 198851 

RESULTS  

ln(?d>  - 4.78288  + -.888354  *ln<tau>  ♦ -.0269051  #tln(tau)]A2 

CHI  - 4.78288 

CH2  - -.888354 
CH3  * - . 0269051 


Sum  of  the  squares  of  the  residuals  * 2 . 842.1 7E-13 

Standard  error  estimate  * 5.3312E-07 

Coefficient  of  determination  * 1 


0-17 


ELVEC  battery  CM  coefficient  ,urve  plot 


For  battery.-  FE/AIR  2.1 

CH-i  * 4.782B8  Pdwax  * 262 

CH-2  - -.888354 
CH-3  " -.0269051 


Specific  Enerqy,  Ed  (Uh/kq) 

* m * • • 


ORIGINAL  PAGE  IS 

Battery  Model  coefficient  generator i Qf  POOR  QUAUVY 
FE/AIR  2.4 


DATA 


Pd 

Ed 

tau 

ln(Pd) 

In  < t/<u ) 

20 

123 

6.15 

2.99573 

1 .31 645 

60 

118 

1 . 96667 

4 09435 

.67634 

100 

113 

t . 13 

4.60517 

. 122217 

RESULTS  

ln(Pd)  « 4.7158  + -.902187  *ln<tau>  *»•  -.0246366  *Cln<tau> 1A2 

CHI  ■ 4 71S8 

CH2  * -.902187 
CH3  - -.0246366 


Sum  of  the  squares  of  the  residuals  ■ 1.19371012 

Standard  error  estimate  ■ 1.09257E-06 

Coefficient  of  determination  * 1 


0-19 


ELVEC  battery  CH  coefficient  curve  plot 


For  battery:  FE/AIR  2.4 


CH-i  • 4.71S8  Pdnax  ■ 277 

CH-2  - -.902187 
CH-3  * -.0246366 


Battery  Model  coefficient  generator: 
FE/AIR  3.3 


DATA 


Pd 

Ed 

tau 

ln<Pd  > 

In  < tau ) 

20 

98 

4 9 

2 . 99573 

1.58924 

60 

94 

1.56667 

4.09435 

44895 

100 

91 

.91 

4.60517 

-.09431.06 

RESULTS  - 


In w'd ) * 4.51707  + -.93S427  *ln<tau>  + -.0137498  *[  ln( tau > 1 A2 

CHi  * 4.S1707 

CH2  « -.935427 
CH3  * -.0137498 


Sum  of  the  squares  of  the  residuals  * 1.18803E-ii 

Standard  error  estimate  * 3.44678E-Q6 

Coefficient  of  determination  = 1 


ORIGINAL  PAGE  IS 
Qp  POOR  QUALITY 


ELVEC  battery  CH  coefficient  curve  plot 


For  battery:  FE/AIR.3.3 

CH-i  * 4 . 51707  Pdmax  = 309 

CH-2  = -.935427 
CH-3  * -.0137498 


Specific  Energy , Ed  (Wh/kg) 


0-22 


Battery  Model  coefficient  generator: 
LI/FES  i.O  AND  3.3  - BIPOLAR 


DATA 


Pd 

Ed 

tau 

In (Pd ) 

20 

136 

6.8 

2 . 99573 

60 

115 

1.91667 

4 09435 

100 

90 

.9 

4.60517 

]n(tau  > 
1.91692 
.650588 
-.10536 


RESULTS  

ln(Pd)  * 4.54047  + -.624021  *ln<tau>  + -.0948519  *t ln< tau > 1 A2 

CHI  * 4.54047 

CH2  = -.624021 
CH3  * -.0948519 


Sum  of  the  squares  of  the  residuals  = 7.95808F-12 

Standard  error  estimate  = 2.82101E-06 

Coefficient  of  deterMination  * 1 


ELVEC  battery  CH  coefficient  curve  plot 


For  battery:  LI/FES  i.O  AND  3.3  - BIPOLAR 

CH-i  * 4.S4047  Pdnax  ■ 187 

CH-2  = -.624021 
CH-3  * -.0948519 


i ie  tee  1000 


Specific  Energy,  Ed  (Wh/kg) 


Battery  Model  coefficient  generator: 
LI/FES  2.1  AND  2.4  - PRISMATIC 


DATA 

Pd 

Ed 

tau 

ln(Pd) 

In (tau) 

20 

87 

4.35 

2 . 99573 

1 47018 

60 

75 

1.25 

4.09435 

.223144 

100 

60 

.6 

4.60517 

-.510826 

RESULTS  — 



In (Pd)  = 

4.26029  + 

-.722844  *ln(tau>  + - 

.093389  *fln(tao>] 

A2 

CHI  * 

4.26029 

CH2  * 

- 722844 

CH3  = 

-.093389 

Sum  of  the  squares  of  the  residuals  = 2.27374F-13 

Standard  error  estimate  * 4.76837E-0? 

Coefficient  of  determination  = 1 


0-25 


ELVEC  battery  CH  coefficient  curve  plot 


For  battery: 


LI/FES  2.1  AND  2.4 


PRISMATIC 


CH-i  * 4.26029  Pdeax  * 170 

CH-2  * -.722844 
CH-3  = -.093389 


Battery  Model  coefficient  generator 
NA/S  1.0 


DATA 


Pd 

Ed 

tau 

ln<Pd  > 

In  < tau ) 

20 

132 

6.6 

2 . 99573 

1.88707 

60 

121 

2.01667 

4.09435 

. 701446 

100 

107 

1 . 07 

4.60517 

. 0676587 

RESULTS  

In  (Pd)  = 4.65656  + -.755  Xln(tau)  + -.0662971  *(ln(tau)JA2 

CHi  * 4.65656 

CH2  * -.755 
CH3  = -.0662971 


Sum  of  the  squares  of  the  residuals  * 0 

Standard  error  estiMate  = 0 

Coefficient  of  deterMination  « 1 


0-27 


ELVEC  battery  CH  coefficient  curve  pl< 


For  battery*  NA/S  1.0 


CH-i  * 4.65656  Pdwax  * 

CH-2  ■ -.755 
CH-3  ■ -.0662971 


Specific  Energy,  Ed  (Wh/k 


0-28 


t 


« * 


I 


165 


t 

t 

/ 


i 


ORIGINAL  PAGE  IS 

of  POOR  QUALITY 


Battery  model  coefficient  generator* 
NA/S  2.1 


DATA 


Pd 

Ed 

tau 

In (Pd ) 

In (tau) 

20 

92 

4.6 

2.99573 

1.52606 

60 

66 

1 . 43333 

4 . 09435 

.360003 

100 

80 

.8 

4.60517 

-.223.143 

RESULTS  

* 

In  (Pd)  * 4.41274  + -.870809  #ln<t.*y>  + -.0378316  *U.n<tau)]A2 

CHi  ■ 4.41274 

CH2  ■ -.870809 
CH3  * -.0378316 


Sum  of  the  squares  of  the  residuals  ■ 1.87583E-12 

Standard  error  estimate  * 1.36961E-06 

Coefficient  of  determination  * 1 


0-29 


®W®NAL  pMn r *<» 
nar  baa*  1™  15 

Battery  Model  coefficient  generator:  J rwu"  QUALITY 

NA/S  2.4 


DATA 


Pd 

Ed 

tau 

ln(Pd) 

ln(tau) 

20 

83 

4.15 

2.99573 

1 . 42311 

60 

79 

1 . 31667 

4.09435 

.275)03 

100 

74 

.74 

4.60517 

-.301105 

RESULTS  

In (Pd)  - 4.34162  + - . 887S94  *ln< tau ) + -.  040855  *Un(tau>  3A? 

CHi  * 4.34162 

CH2  *»  - . 887594 
CH3  * -.040855 


Sum  of  the  squares  of  the  residu.als  ■ 6.8212JE-13 

Standard  error  estimate  » 8.25906E-07 

Coefficient  of  determination  * 1 


0-31 


ELVEC  battery  CH  coefficient  curve 


Fcr  battery.-  NA/S  2.4 

CH-1  « 4.34162 

Pdna: 

CH-2  ■ -.887594 

CH-3  » -.040855 

i 10 

Specific  Energy,  Ed  (I 


0-32 


Battery  model  coefficient  generator « 
NA/8  3.3 


DATA 

- 

Pd 

Ed 

tau 

ln<Pd  > 

In  ( tau ) 

20 

73 

3.65 

2 99573 

1 29473 

60 

69 

1.15 

4.09435 

. 13976? 

100 

65 

.65 

4.60517 

-.430783 

RESULTS  - 

In (Pd)  * 

4.22143  ♦ - 

.904752  $ln( tau ) 

♦ -.0323847  ftfln(tau) )A2 

CHi  - 4 22143 

CH2  - - . 9047S2 
CH3  - -.0323847 


Sum  of  the  square*  of  the  residual*  * 4.54747013 

Standard  error  estimate  * 6.74349E-07 

Coefficient  of  determination  * 1 


ELVEC  battery  CH  coefficient  curve  plot 


For  battery:  KA/8  3.3 


CH-i  - 4 . 22143  Pdmax  « 244 

CH-2  - -.904752 


ORIGINAL  PAGE  IS 
OP  POOR  QUALITY. 

Battery  nodel  coefficient  generator; 

AL/ATR 


DATA 


Pd 

Ed 

tau 

ln(Pd) 

In  < tau  > 

20 

218 

10.9 

2.99573 

2.38876 

60 

204 

3.4 

4.09435 

i .22378 

100 

192 

1.92 

4.60517 

. 652325 

200 

164 

.82 

5.29832 

-.198451 

RESULTS  

ln(Pd)  * 5.J4165  + - .803725  *ln(tau)  + -.0397415  *t ln( tau ) ) A2 

CHi  - 5.14165 

CHS  = -.803725 
CH3  = -.0397415 


Sow  of  the  squares  of  the  residuals  = 4 . 21929E-05 

Standard  error  estimate  * 4.S9309E-03 

Coefficient  of  deternination  = .999985 


Battery  Model  coefficient  generator.- 
AL/AIR/PRES 


ORIGINAL  PAGE  IS 
JOE  POOR  QUALITY 


DATA 


Pd 

Ed 

tau 

In (Pd  > 

In (tau ) 

20 

147 

7.35 

2.99573 

1.9947 

60 

158 

2.63333 

4.09435 

.968251 

80 

158 

1.97S 

4.38203 

.680569 

100 

151 

1.51 

4.60517 

.41211 

157 

126 

.802548 

5 . 05625 

-.219964 

RESULTS  - 

— 

ln(Pd)  * 

4.91109  + 

-.703742  *ln(tau)  + 

129094  #C  In (tau) ] 

A2 

CHi  - 4.91109 
CH2  * “.703742 
CH3  * “.129094 


Sum  of  the  squares  of  the  residuals  ~ 3.5Q653E-04 

Standard  error  estieate  - .0108113 

Coefficient  of  deterMination  = .999853 


0-37 


Battery  Model  coefficient  generators 
AL/AIR/ADV 


ORIGINAL  PAGE  IS 
OF  POOR  QUALITY 


DATA 


Pd 

Ed 

tau 

3n(Pd ) 

ln<  tau ) 

20 

218 

10.9 

2.99573 

2 . 3B&76 

60 

204 

3.4 

4.09435 

1 . 22378 

80 

196 

2.45 

4.38203 

.896088 

100 

192 

1 .92 

4.60517 

.652325 

200 

164 

.82 

5.29832 

-.198451 

218 

145 

. 6651 38 

5.3845 

-.407761 

RESULTS  

In  (Pd ) * 5 . i i 4ii  + -.758579  *ln(tau>  + -.0543494  #Un(tau)lA2 

CHi  - 5. 11411 

CH2  * -.758579 
CH3  * -.0543494 


Sum  of  the  squares  of  the  residuals  » 2.44835E-03 

Standard  error  estiMate  * .0247404 

Coefficient  of  deterMination  = .999366 


ELVEC  battery  CH  coefficient. curve  plot 


For  battery* 

AL/AIR/ADV 

CH-i 

* S . 11411 

Pdnax  * 

CH-2 

- -.75857? 

CH-3 

■ 0543494 

1 10  100  1000 
Specific  Eneroy,  Ed  (Wh/kg) 


